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ABSTRACT

During human development three embryonic hemoglobins are synthesised prior to
formation of the placenta. These hemoglobins function to scavenge oxygen from the
mother’s interstitial fluid enabling embryonic respiration. The human Gower Il embry-
onic haemoglobin (a,e,) has been crystallized in its carbonmonoxy form, and its

structure determined by X-ray crystallography. The structure was solved by molec-
ular replacement and refined at 2.9 A. The Gower Il hemoglobin tetramer is interme-
diate between the adult hemoglobin R and R2 states, though closer to R2. The
tertiary structure of the a subunit is essentially identical when compared to that found
in the adult (axB5) and fetal (ay,) hemoglobins. The embryonic € subunit has a very

similar structure to the homologous adult § and fetal y subunits, although with small
differences at the N-terminus and in the A helix. Amino acid substitutions can be
identified that may play a role in the altered response of the Gower Il haemoglobin
to allosteric effectors, in particular chloride ions.

Nitrite reductase from Pseudomonas stutzeriis a periplasmic heme enzyme respon-
sible for the reduction of nitrite to nitric oxide. This reaction is the second step in the
bacterial denitrification pathway, during which nitrate acts as the terminal electron
acceptor for anaerobic respiration and is consequently reduced to nitrogen gas. Ni-
trite reductase from Pseudomonas stutzeri JM300 has been crystallized in the oxi-
dised state and X-ray diffraction data collected to a resolution of 2.8 A. The structure
has been solved by the method of molecular replacement. The structure of the en-
zyme is dimeric, with each monomer comprised of two domains. The smaller N-ter-
minal domain covalently binds a ¢ heme group within an all a-helical fold similar to
that of the class | c-type cytochromes. The larger C-terminal domain consists of an
eight-bladed B-propeller structure that coordinates a d4 heme, a cofactor unique to

this class of enzyme. The relative positions of the two domains, and hence the ori-
entations of the bound heme groups are markedly different compared to homolo-
gous enzymes from other species.
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Chapter 1

Heme Proteins: An Introduction

1.1 HEME PROTEINS IN BIOLOGY

The heme prosthetic group is widely distributed amongst enzymes and other pro-
teins in nature, with both prokaryotes and eukaryotes utilizing this cofactor for a
diverse range of protein function. A heme group comprises a tetrapyrrole porphyrin
macrocyclic ligand that coordinates an iron atom. The unprotonated porphyrin acts

as a two electron donor to the Fe* or Fe3*. The porphyrin ligand is not specific for
iron and can also bind other metals, e.g. the magnesium tetrapyrrole
cofactors found in the chlorophyll proteins.

The heme group conveys structural, electronic and spectral properties to the heme
protein that cannot be achieved by polypeptide alone. The delocalized electron
system of the heme allows it to function as a redox centre, and also conveys colour
to the molecule to which it is bound. The properties of the heme are ‘tailored’, both
by substituents on the porphyrin and by the nature of the one or two axial iron ligands
provided by the protein. The electrostatic and hydropathic nature of the environment
in which the heme is located inside the protein can also result in changes toits func-
tional properties. The polypeptide can also modify chemical reactions at the heme
by sterically affecting the manner in which the substrate can approach and bind to
the iron. This flexibility of cofactor properties has resulted in heme proteins being uti-
lised in a variety of diverse roles throughout biology. For comprehensive reviews of
the types of heme proteins, their properties, and the roles they play in biology see:
the PROMISE database (http://bioinf.leeds.ac.uk/promise/HAEMMAIN.html, Degt-
yarenko et al., 1998), or the collection edited by Eichhorn and Marzilli (Poulos, 1988;
Cusanovich et al., 1988; Brunori et al., 1988; Rifkind, 1988).

Heme proteins can be divided into three broad classes based on function:
i) Oxygen transport and storage
ii) Electron transfer
iii) Enzymes
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1.1.1 Oxygen transport and storage

Heme proteins are utilised as vehicles for the movement and storage of oxygen in a
wide range of organisms. The ability of the heme prosthetic group, when modulated
by the protein environment, to reversibly bind oxygen allows these molecules to
function in this role. This group of heme proteins is called the globins. The members
of this group share a highly conserved protein fold (see Figure 2.1) consisting of
eight helices, with the exception of the human hemoglobin o subunit which has
seven. Vertebrates utilize myoglobin for the storage of oxygen and hemoglobin for
oxygen transport. For a full discussion of human hemoglobin structure and function
see Chapter 2. The globins are also found in plants, bacteria, and some fungal spe-
cies. All the globins contain b heme as cofactor, with the exception of the chloro-
cruorins from the polychaete worms, which bind a chlorocruorohaem. The difference
between the two is the substitution of one of the vinylic groups for a formyl side-chain
(Lemberg and Falk, 1951). The b heme and chlorocruorohaem groups are shown in

Figure 1.1.

~

HO™ ~o HO” O HO™(g HO O

Figure 1.1 Heme groups found in the globins: b heme (left) and chlorocruorohaem
(right)

The globins also all share a similar mode of heme coordination, with the iron bound

by an axial histidine ligand. This leaves one free coordination site on the iron, which

is normally in the Fe?* oxidation state, to bind oxygen.
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1.1.2 Electron transfer

The cytochromes are a family of heme proteins that play a role in electron transport
and are ubiquitously spread throughout the living world. The most well characterised
of these proteins are the c-type cytochromes, distinguishable by their unique heme
group (Figure 1.2). The properties of this protein family have been reviewed in detalil
(Meyer and Kamen, 1982; Pettigrew and Moore, 1987; Moore and Pettigrew, 1990).
The c heme is covalently attached to the polypeptide chain via two thioether bonds,
provided by two cysteine residues of the protein. These bonds are in addition to the
protein ligands that provide the two axial ligands to the iron. The presence of a ¢
heme in a protein can be identified from the polypeptide sequence by the presence
of the conserved ¢ heme binding motif, Cys-X-X-Cys-His. The histidine side-chain
contained in this motif serves as an axial ligand to the heme iron. This heme attach-
ment site can vary in its location in the protein sequence, and the ¢ cytochromes vary
in the nature of their sixth ligand, either another histidine, or a methionine.

Cys
S
HO ') HO O

Figure 1.2 The c heme group found in the c-type cytochromes

The main function of these proteins is to shuttle electrons via the reaction

Fe?* — Fe3* + e
The electron is transferred to other proteins, some of which are membrane bound,
foruse in redox reactions.

The b-type cytochromes contain non-covalently bound b heme as the redox centre.
This family of cytochromes is also widely spread throughout the living world and
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functions in electron transfer in animals, plants and fungi. The b cytochromes, like
the c-type protein, canexist as small proteins, or are found as domains in larger mol-
ecules. Consequently examples are found of both soluble and membrane-bound b-
type cytochromes (Xia and Mathews, 1990). The b cytochromes have a histidine as
one axial ligand and histidine or methionine completing the coordination of the iron
(Mathews et al., 1979). The exceptions to these generalizations are bacterioferritin
(cytochrome b4) which exhibits bis-methionine coordination (Frolow et al., 1994)

and cytochrome fin which the N-terminal c.-amino group is the sixth ligand (Martinez
et al., 1994).

1.1.3 Enzymatic catalysis

Heme-containing enzymes are essential components of electron transport and oxi-
dative metabolic pathways. The reactions catalyzed include the oxygenation and
hydroxylation of organic metabolites, as well as the removal of toxic peroxides. The
heme groups of these enzymes generally have more negative redox potentials in
comparison to the ¢ cytochromes and globins. This is achieved by burying the heme
inside the protein in a slightly more polar environment and utilizing electron donating
proximal ligands. In contrast, the heme groups of the globins and electron transport
cytochromes are generally solvent exposed. The enzymes generally provide just
one amino acid ligand to the heme, leaving a coordination site vacant for the sub-
strate to bind.

The catalases and peroxidases are b heme-containing enzymes. Catalase removes
toxic peroxide by-products of aerobic respiration from the cell, with the heme group
coordinated via a tyrosine side-chain (Vainshtein et al., 1986). The peroxidases uti-
lize H,O, as an electron acceptor to catalyze a variety of oxidative reactions. The
peroxidases coordinate the heme with a histidine residue, with the exception of chlo-
roperoxidase which has a cysteine as a heme ligand (Dawson, 1988).

The cytochrome Py45q class of enzymes catalyzes the incorporation of molecular
oxygen into organic substrates. This often has the effect of solubilizing the product
and allowing it to be removed from the cell. These enzymes contain a b heme coor-
dinated by a cysteine ligand (Ravichandran et al., 1993). Nitric oxide synthase

shares this method of heme coordination (Crane et al., 1998).

Cytochrome ¢ oxidase is the membrane-bound terminal electron acceptor of the
mitochondrial and bacterial respiratory chain. This enzyme is comprised of up to 13
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subunits and contains two heme groups, a and ags, as well as copper redox centres.
The complex catalyzes the four-electron reduction of oxygen to water. This reaction
results in the generation of a transmembrane proton gradient which is utilised by
ATP synthase to generate ATP. The a heme group differs from b heme by the sub-
stitution of one of the vinyl groups for a much larger side-chain (Figure 1.3). The a
heme is coordinated by two histidine residues, while the a; heme has one histidine

axial ligand and a vacant site for oxygen binding (Tsukihara et al., 1996; Ostermeier
et al., 1997).

Figure 1.3 The a heme group found in cytochrome ¢ oxidase

There are two classes of bacterial heme enzymes that have d-type heme groups.
The terminal oxidase complex and catalase that contain d heme have been isolated
from many bacteria, (references summarized in Degtyarenko et al., 1998) whilst the
cytochrome cdy-nitrite reductase contains dy heme. (Figure 1.4). For a full discus-
sion of the functional and physico-chemical properties of this latter enzyme see
Chapter 5.
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Figure 1.4 The bacterial d heme groups: d heme (left), and dy heme (right)

The two proteins that are the subjects of this study are examples of the three broad
functional types of heme proteins described above. The Gower || embryonic hemo-
globin is a member of the human hemoglobin family responsible for oxygen trans-
port in the developing embryo. The cytochrome cd; nitrite reductase from
Pseudomonas stutzeriis an enzyme responsible for the reduction of nitrite to nitric
oxide in the periplasm of the bacterial cell, as part of the denitrification pathway. This
enzyme is comprised of two domains, each of which contains a heme group. One
domain binds a ¢ heme and is responsible for the transfer of an electron from an
external electron donor to the enzyme’s active site, which is a d; heme bound to the

second domain where nitrite reduction occurs.



Chapter 2

Hemoglobin: An Overview

2.1 THE IMPORTANCE OF OXYGEN IN BIOLOGY

Oxygen is essential for the majority of life-forms that inhabit our world. An aerobic
metabolism is favoured, as it enables a more efficient use of available energy
sources. In the presence of oxygen a far greater quantity of energy can be obtained
by the oxidation of energy-rich molecules as opposed to an anaerobic metabolism.

Fatty-acid oxidation, glycolysis and the tricarboxylic acid cycle produce NADH and
FADH,. These two cofactors are energy-rich as they beth have an electron pair
with a high transfer potential. ATP is generated when these electrons are donated
to molecular oxygen via a series of electron carriers in a process called oxidative
phosphorylation. The oxidation of glucose to CO, and H,O generates 30 molecules

of ATP, of which 26 are formed via the oxidative-phosphorylation pathway
(Stryer, 1995).

There are two principal mechanisms employed by vertebrates to ensure that their
cells are supplied with sufficient oxygen: a circulation system that delivers oxygen
to the tissues, and the use of molecules to transport oxygen from the lungs to the
cells. This overcomes the inherent problem of oxygen having a low solubility in
aqueous solution.

In vertebrates the oxygen-carrying molecules are the heme proteins, myoglobin
and hemoglobin. Myoglobin is found within the muscle tissue, where it serves as a
reserve supply of oxygen for the respiring cells and aids the movement of oxygen
within the muscle tissue. Hemoglobin is found within the red blood cells. This pro-
tein binds oxygen in the lungs and transports it to the tissues via the blood stream.
Hemoglobin is also involved in the transport of carbon dioxide and hydrogen ions.

The binding of oxygen to myoglobin and hemoglobin is due to the presence of a
prosthetic heme group. In the protein environment the ferrous ion is able to reversi-
bly bind an oxygen molecule, instead of being irreversibly oxidised.
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2.2 HEMOGLOBIN: HISTORICAL ASPECTS.

Hemoglobin has been one of the most comprehensively studied proteins over the
last century. There are many books in which much of this investigation has been
reviewed (Antonini et al., 1981; Bunn et al., 1977; Dickerson and Geiss, 1983;
Imai, 1982; Lehmann and Huntsman, 1974; Maclean, 1978; Weatherall, 1976).

The iron content of hemoglobin had been calculated to be around 3.5% of the total
weight of the protein in as early as 1925 (Englehardt, 1925). This result lead to a
calculated molecular weight of the molecule of approximately 16 000 Daltons. The
heme prosthetic group was isolated in 1852 as hemin chloride (Teichman, 1853)
and its structure subsequently determined in 1912 (Kuster, 1912). However investi-
gation of ligand binding to heme groups accelerated with the first heme synthesis
(Fischer and Zeile, 1929) which opened up the study of synthetic model com-
pounds.

The absorption spectrum of oxygenated hemoglobin in the red blood cells was first
measured by Hoppe-Seyler in 1864 (Hoppe-Seyler, 1864) who also christened the
protein ‘hemoglobin’ (Hb). Around the same time Stokes observed that there was a
shift in the spectrum when hemoglobin was deoxygenated (Stokes, 1864). Quanti-
tative oxygen binding measurements were conducted during the early 1900s by
Bohr and Krogh (Bohr, 1904; Bohr et al., 1904), and also Barcroft and Haldane
(Barcroft, 1928).

Osmotic pressure measurements (Adair, 1925) and analytical ultracentrifugation
measurements (Svedberg and Fahraeus, 1926) gave rough molecular weight val-
ues of 64 to 68 kDa, suggesting that the functional unit of hemoglobin consisted of
a tetramer. Technical advances enabled the detailed investigation of the spectral
properties of hemoglobin, allowing the absorption spectral shifts on ligand binding
to be quantified (Heilmeyer, 1943; Drabkin, 1949). These results agreed with the
gasometric measurements done previously.

From the calculated molecular mass for the hemoglobin tetramer there were
expected to be approximately 580 amino acids. Analysis of peptide fragments
resulting from trypsin digests of hemoglobin indicated that the hemoglobin tetramer
was comprised of two pairs of differing polypeptide chains (Ingram, 1955; Rhine-
smith et al., 1957; Braunitzer, 1958). These were designated alpha (o) and beta
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(B), giving the hemoglobin tetramer the subunit structure o,5.

The primary structure was elucidated over the next few years by the technique of
peptide fingerprinting after enzymatic digestion of the polypeptide chain
(Braunitzer, 1958; Chernoff, 1961; Clegg et al., 1966). The o chain comprises 141
amino acids whilst the B chain is a polypeptide of 146 residues. Each chain has a
heme group bound.

The crystallisation of mammalian hemoglobins had been well catalogued at the turn
of the century (Reichert and Brown, 1909). It had been demonstrated that horse
deoxy and oxyhemoglobin crystallised in different space groups, indicating the pos-
sibility of a conformational change in the protein molecule on ligand binding and
release. Further evidence for this idea was presented when it was shown that horse
deoxyhemoglobin crystals cracked when exposed to oxygen (Haurowitz, 1938), in
direct contrast to crystals of myoglobin which remain unchanged.

2.3 THE STRUCTURE OF HEMOGLOBIN

In 1960 Perutz and his group determined the tertiary structure of horse methemo-

globin at 5.5 A resolution. This was achieved using isomorphous replacement with
heavy atoms to determine the phase angles of the diffracted X-rays to calculate the
Fourier synthesis (Perutz et al., 1960). The most striking feature of the subunits
comprising the tetramer was that they had a very similar structure to that of the
myoglobin monomer. Sperm whale myoglobin had been the first protein structure
solved two years previously (Kendrew et al., 1958). The hemoglobin tetramer was
50 x 55 x 64 A in size, arranged with a single two-fold axis down a central cavity
between the o481 and a3, dimers. There are two pseudo-two-fold axes orthogonal

to the true two-fold which rotate o subunits on to 3 and vice versa.

The B subunits were found to be comprised of eight helical segments (labelled A-
H), (Figure 2.1). The shorter a subunits contained seven helical elements, with the
small D helix not present (labelled A-H, with D omitted). The four heme pockets
were all exposed at the surface.

Further work led to the determination of the structure of human deoxyhemoglobin
at a similar resolution in Perutz’s lab a few years later (Muirhead and Perutz, 1963).
The arrangement of the subunits differed from that of methemoglobin, indicating
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that there was a large conformational change upon ligand binding.

Figure 2.1 Ribbon diagram of the human adult hemoglobin B subunit

The helices are labelled A-H. The heme group and oxygen ligand are shown in a
ball and stick representation. The figure was prepared with MOLSCRIPT
(Kraulis, 1991).

The liganded conformation has subsequently been termed the ‘relaxed’ or R state,
whilst the deoxy form is the ‘tense’ or T state. During the oxy <> deoxy transition
each 41 and o, dimer moves as a unit, with the two halves of the molecule slid-
ing over each other and rotating by 15°. The carboxyl termini at the end of the H
helices come 7 A closer in the liganded form, resulting in a partial closure of the
central cavity of the tetramer.

Since the pioneering work of Perutz and his lab many more detailed hemoglobin
structures have been solved and refined at higher resolution. For a full list of hemo-
globin structures that have been determined to date see the PROMISE database
(Degtyarenko et al., 1998, http://bioinf.leeds.ac.uk/promise/ GLOBINS.htmI#PDB).

The heme is located within a pocket between the E and F helices and its iron atom

is tightly bound to the Ne of histidine F8 (87 and 92), also known as the proximal
histidine (for a detailed description of adult hemoglobin see the references given at
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the beginning of this chapter). The heme pocket does not have a hole large enough
for oxygen to get through, but it is thought that the distal E7 (58 and $63) histidine

may shift to allow it through in some intermediate during the T+>R transition.

2.3.1 Changes in the stereochemistry of the heme on oxygenation

In deoxyhemoglobin the porphyrin ring is domed, with the ferrous ion shifted ~0.6 A
out of the plane of the four nitrogen atoms towards the proximal histidine. When an
oxygen molecule binds to the iron, the porphyrin flattens out with a consequent
decrease in the iron to porphyrin-nitrogen bond distance. This in turn moves the
metal ion into the plane of the porphyrin. This movement allows the proximal histi-
dine to move 0.5-0.6 A closer to the heme plane in oxyhemoglobin.

An out-of-plane Fe atom in a domed porphyrin ring is in an unfavourable conforma-
tion to bind a sixth ligand on the opposite side of the heme. For a ligand molecule to
bind, the proximal histidine (F8) must straighten and move its side-chain closer to
the heme. In the deoxy state it is prevented from doing this due to steric hindrance
between its € hydrogen and the heme, and also it cannot alter its 8° tilt due to its
attachment to the F helix and the packing of the surrounding side-chains.

2.3.2 Changes on oxygenation in the tertiary conformation of the globins.

The subunits of hemoglobin interact with each other by relatively weak noncovalent
interactions such as van der Waals forces and hydrogen bonds.

2.3.2.1 The a subunits

The largest movement in going from deoxy to oxyhemoglobin occurs in the F helix
in which the proximal histidine (F8) is located. Upon oxygen binding this helix
moves 1.4 A along its axis parallel to the heme plane and 0.4 A closer to the heme,
reorienting the histidine imidazole ring and aligning it with the heme normal. This
movement is dampened out along the E and G helices, with the remainder of the o
subunit essentially unchanged.

2.3.2.2 The B subunits

The structural changes in the B subunit are similar to those of o. The F helix moves
0.9 A parallel to the heme and 0.4 A closer. The heme group itself moves deeper
into the heme pocket by 1.0 A and twists slightly, moving the ligand binding site
away from the Val E 11 side-chain which blocks access to the iron in the deoxy con-
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formation. The pattern of hydrogen bonds formed by the carboxyl terminus in the
deoxy T state is disrupted and the nearby reactive Cys 93 has a different side-chain
conformation. The rest of the chain remains undisturbed.

2.3.3 Proposed mechanism for the T to R state transition of hemoglobin

Many papers have been written by Perutz and others with possible explanations of
how ligand binding triggers the large conformational change observed for hemo-
globin (Perutz, 1970; Perutz, 1972; Baldwin and Chothia, 1979; Perutz, 1979;
Perutz et al., 1987). Deoxyhemoglobin is held in the T state configuration by a net-
work of hydrogen bonds and salt bridges at the amino and carboxyl termini. With no
ligand present the four heme groups are in a strain-free conformation with the histi-
dine F8 imidazole tilted off axis and a domed heme containing an out of plane Fe.

On ligand binding to the T state, strain is introduced, which is relieved by rotating
the histidine and shifting the F helix. This helix movement introduces unfavourable
contacts into the globin tertiary structure which are relieved (after two or three lig-
ands have bound) by breaking the terminal hydrogen bonds and so favouring the
subunit rotation that is the T to R transition. The conformational change relieves
strain on the hemes with ligand bound, but it also has the effect of placing any unli-
ganded hemes in the tetramer in a conformation now suited to binding a sixth lig-
and, hence increasing their affinity for oxygen. Conversely, removing one or more
of the oxygen ligands from the R state hemoglobin tetramer does not necessarily
introduce any new strain, but lowers the energy barrier against a shift to the T state
and reformation of the stabilising C-terminal hydrogen bonds. When the stability
that reformation of these hydrogen bonds would produce becomes greater than the
energy needed to force the remaining liganded hemes into the T state (tilted His)
conformation, the R to T transition occurs. The strain introduced by the R to T tran-
sition can be relieved by ejecting the remaining O, molecules, so the oxygen affin-

ity of hemoglobin is decreased.

This transformation does not appear to be as simple as the above mechanism
would suggest however. Recently structural evidence for a third quatemary state of
hemoglobin (R2 or Y) has been reported (Smith et al., 1991; Silva et al., 1992;
Janin and Wodak, 1993; Smith and Simmons, 1994). This quaternary structure is
stabilised by the mutation B99 Asp~—*Tyr (Hb Ypsilanti), which is a mutation in the

intersubunit region of the molecule, and/or by solutions of low salt and low pH.
There must be intermediate structures between the T and R states, but debate still
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continues as to whether the R2 state is an intermediate on this pathway, or whether
the mechanism is more likely to be T+>*R+>R2 (Silva etal., 1992; Janin and
Wodak, 1993; Srinivasan and Rose, 1994; Schumacher et al., 1997).

2.4 FUNCTIONAL PROPERTIES OF HEMOGLOBIN

2.4.1 Oxygen binding

Despite all hemoglobins having a chemically and physically identical heme group
and proximal histidine ligand, the oxygen binding affinity within this protein family
varies greatly. For hemoglobin to function effectively it must bind oxygen with an
appropriate affinity. If it does not bind tightly enough the blood will not become suffi-
ciently oxygenated as it passes through the lungs, however if the binding is too tight
then insufficient oxygen will be unloaded to the respiring tissue.

The partial pressure of oxygen in the lungs is 95 mmHg. When the blood passes
through this oxygen-rich environment, the hemoglobin becomes 97% saturated
(Figure 2.2). Normal blood with a hemoglobin concentration of approximately 15g/
100ml would carry 20ml of oxygen per 100ml of blood. This is in comparison with
the 0.3ml of oxygen which can dissolve in 100ml of aqueous solution. This arterial
blood is then circulated to the capillaries which have a partial oxygen pressure of
40 mmHg. At this oxygen concentration hemoglobin is 75% saturated, hence
hemoglobin releases 4.5 ml of oxygen per 100ml of blood as it circulates through
the organism (Bunn et al., 1977).

The oxygen affinity is quantified as the Psp value, which is defined as the partial

pressure of oxygen at which the hemoglobin is half saturated. The greater the affin-
ity of the hemoglobin for oxygen the lower the Ps, and vice versa.
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Figure 2.2 Oxygen binding curves of hemoglobin and myoglobin

Figure reproduced from Bunnetal., 1977

This efficient mode of oxygen transport depends on the cooperativity of the hemo-
globin subunits, where the binding of oxygen to one heme group results in the
increased oxygen affinity of the other subunits. This is manifested in the sigmoidal
curve for oxygen binding (Bohr, 1904). If the hemoglobin chains bound oxygen
independently from one another then the binding curve would be hyperbolic like
that for myoglobin. This method of oxygen transport would be less efficient, as a
lower amount of oxygen could be released going from the environment of the lungs
(95 mmHg) to the tissues (40mmHg). The middle part of the oxygen equilibrium
curve is modelled by the Hill equation (Hill, 1910), for the reaction

Hb +nO, <> Hb(Oy),,
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4
]Og(l_—_}’) = nlog (P,,) —nlogPy, Eq 2.1

where Y is the fraction of hemoglobin molecules saturated with O,.

A Hill plot of log[(Y/1-Y)] versus log P, approximates a straight line, with its slope

at the binding midpoint (Y=0.5) called the Hill coefficient (n). The Hill coefficient is a
measure of the cooperativity displayed in oxygen binding. Myoglobin displays non-
cooperative binding and has a Hill coefficient of 1.0, whereas hemoglobin’s binding
is cooperative and has a Hill coefficient of 2.8.

2.5 ALLOSTERIC EFFECTS OF HEMOGLOBIN.

2.5.1 The Bohr effect.

As the pH is lowered from 9.0 to 6.0 the oxygen affinity of hemoglobin is reduced,
while its affinity for protons increases. This is called the alkaline Bohr effect (Bohr
et al,, 1904). Below pH 6.0 the oxygen affinity increases as the pH is lowered fur-
ther. This observation is termed the acid Bohr effect.

This pH-dependent oxygen affinity allows hemoglobin to function in a dual role, as
a respiratory carrier and to facilitate CO, transport by the uptake of protons. As
CO; is expelled from the lungs there is an increase in pH and therefore a conse-
quent increase in oxygen affinity, which favours the binding of oxygen.

CO, + Hy,O > Hy,CO5 <>H* + HCOg3
As the blood circulates through the capillaries CO, enters the blood, causing a drop

in the pH which in turn lowers the oxygen affinity of the hemoglobin, resulting in the
unloading of O, to the tissue.

A small amount of CO, (10%) becomes covalently bound to hemoglobin as a car-

bamino complex at the N-terminus (Ferguson and Roughton, 1934). The remainder
of the CO5 is transported as bicarbonate ions dissolved in the blood, with hemo-

globin carrying the released protons. The bicarbonate is converted back to CO, in

the lungs due to the release of protons from hemoglobin on oxygenation.

Various studies have been conducted on the native adult hemoglobin and on natu-
rally occurring variants to determine which residues are important in the Bohr
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effect. These residues (and their approximate contributions) are: alkaline Bohr
effect, a1 Val N-terminal a-amino group (25%), o122 His (10%), 82 Lys (20%),
B146 His (40%) and acid Bohr effect 143 His (50%) (Perutz et al., 1969; Kilmartin
and Rossi-Bernardi, 1969; Perutz etal., 1980; Shih and Perutz, 1987; Perrella
et al., 1994). It has however, been recognised that these contributions vary if other
allosteric effectors, namely organic phosphates or chloride ions, are present (Rol-
lema et al., 1975).

2.5.2 Allosteric effect of 2,3-bisphosphoglycerate

The red blood cells of humans and most other mammals have a high concentration
of 2,3-bisphosphoglycerate (2,3BPG). 2,3BPG is a glycolytic intermediate, with a
concentration of around 5mM in cells. This concentration is roughly equivalent to
that of the hemoglobin tetramer, and four times that of ATP (Bunn et al., 1977).

2,3BPG acts as an allosteric effector on hemoglobin. This molecule binds to the
deoxyhemoglobin tetramer in a 1:1 ratio and lowers the oxygen affinity of the pro-
tein (Benesch et al., 1968a; Benesch et al., 1968b; Benesch et al., 1969). Under
the same conditions no 2,3BPG is bound by oxyhemoglobin. There was compelling
evidence that 2,3BPG bound at the N-terminal residues of the B subunits: Hemo-
globins A|c and F; which are blocked at the N-terminus of their “B-like” chains have
a lower affinity for 2,3BPG (Bunn and Briehl, 1970). Pyridoxal phosphate acts as an
affinity label when added to hemoglobin and bound at the B N-terminus (Benesch
etal., 1972). Perutz modelled the binding of 2,3BPG to deoxyhemoglobin and
ascertained that the phosphate groups could bind to Val 1 N-terminal a-amino
group, His B2, Lys 82 and His 3143 of the two 3 subunits, bridging between them.
He concluded that in oxyhemoglobin, in contrast, the B N-termini were too far apart
for 2,3BPG to bind effectively (Perutz, 1970). Arnone determined the structure of
deoxyhemoglobin with organic phosphate present and confirmed that the modelled
site was indeed correct (Arnone, 1972).

2,3BPG thus stabilises the deoxy T state of hemoglobin, and increases the energy
barrier for the T to R state transition, thereby decreasing the oxygen affinity.
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2.5.3 The chloride effect

Chloride ions act as allosteric effectors, reducing the oxygen affinity of mammalian
hemoglobins. This effect is more than double the alkaline Bohr effect (Perutz
et al., 1994). Chloride ions lower the oxygen affinity of hemoglobin by stabilising the
deoxy T state. It has been proposed that chloride ions diffuse into the central cavity
down the two-fold axis of the tetramer, where they neutralise the excess positive
charges contained there. The cavity is wider in deoxyhemoglobin allowing more
ions to diffuse in. The chloride ions appear to be mobile and exhibit no significant
electron density in X-ray structures of hemoglobin crystallized with chloride present
(Kavanaugh et al., 1992; Perutz et al., 1993). The following positively charged resi-
dues are proposed to be important in the chloride effect: a99 Lys, «103 His, 31 Val
N-terminal o-amino group, B2 His, 82 Lys, 104 Arg, 143 His, and p146 His.
These cationic charges inside the cavity are partially countered by 94 Asp, 0126
Asp and B101 Glu. The relative importance of each of these residues has been
investigated by measuring the chloride effect in naturally occurring variant hemo-
globins in which a substitution has occurred that reduces the cationic excess of the
central cavity (Perutz et al., 1994).

The neutralisation of these excess positive charges in the larger internal central
cavity of deoxyhemoglobin reduces the repulsive forces between the subunits and
stabilises the T state hemoglobin. Furthermore it has been observed that chloride

ions also alter the cooperativity of some variant hemoglobins (Bonaventura
et al., 1994).

2.5.4 Nitric oxide binding

It has long been recognised that hemoglobin is able to bind nitric oxide (Keilen and
Hartree, 1937). The heme iron has an affinity for NO® that is at least 10 000 times

greater than that for oxygen (Perutz, 1996). NO®, though an unstable and highly
toxic radical, has been identified as an endothelial relaxing factor (Furchgott and
Zawadzki, 1980; Palmer et al., 1987). Hemoglobin can bind NO both on the heme
itself and at Cys 93, a residue conserved amongst all mammalian and bird hemo-
globins. The binding of NO to hemoglobin is in equilibrium with NO bound to glu-
tathione and other small thiols present in the red blood cell. It has been proposed
that the mode of NO binding is dependent on the quaternary state of hemoglobin
and this gives rise to the following mechanism of action. Deoxy T state hemoglobin

17



Chapter 2 Hemoglobin: An Overview

with NO bound on the heme enters the lungs where the presence of O, causes the
allosteric transition to the R state and the transfer of NO to Cys $93. Blood flowing
away from the lungs is exposed to a reduced oxygen pressure which promotes the
T state of hemoglobin and effects NO release, some of which is recaptured by the
hemes, and some of which is bound by small molecular weight thiols promoting
dilation of the blood vessels, and enhancing the delivery of O, to the tissue (Gow

and Stamler, 1998; Stamler et al., 1997; Jia et al., 1996).

2.6 HUMAN HEMOGLOBINS DURING DEVELOPMENT

As the very early human organism develops, the environment in which it grows
changes, and so do its methods and problems of oxygen supply. Between weeks
two and twelve of gestation, before the placenta is formed, three embryonic hemo-
globins are produced: Gower | ({¢e5), Gower Il (0nep) and Portland (£>v2) hemo-
globins (Figure 2.3). Once the placenta has been established the embryonic
hemoglobins are replaced by fetal hemoglobin. Shortly after birth fetal hemoglobin
is replaced by the adult protein. The switching of hemoglobins produced coincides
with the changes in the environment of the developing fetus. The early embryo
scavenges oxygen from the mother’s interstitial fluid. After approximately three
months the embryo obtains oxygen from the mother’s bloodstream via the pla-
centa. Once born the child is able to utilise its own lungs for supplying oxygen.

With each phase of development; i.e. preplacental, placental and postnatal there is
a different hemoglobin that appears to be adapted to function in the particular envi-
ronment of the organism at that stage.
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Figure 2.3 Representation of the changes in human hemoglobin synthesis during
prenatal and postnatal development.

Figure reproduced from Dickerson and Geiss, 1983.

2.6.1 Fetal hemoglobin

Fetal hemoglobin (Hb F) has the subunit composition a.sYs, thus having o chains as
in adult hemoglobin, together with y chains. The y subunit comprises 146 residues
like the B chain, but differs in 39 positions (73% identity) (Schroeder et al., 1963).
Two fetal hemoglobins have been characterised, i.e. ocQYQA and OLQYQG which differ

by a single amino acid substitution, Ala — Gly at position 136 (Little et al., 1979).

In vivo, fetal hemoglobin has a greater oxygen affinity than that of the adult protein.
This facilitates oxygen transfer across the placenta as oxygen is stripped from the
adult hemoglobin present in the mother’s blood to supply the fetus. However the
intrinsic oxygen affinity of fetal hemoglobin, with no phosphate present, is actually

lower than that of the adult molecule (Tyuma and Shimizu, 1970).

A comparison of the sequences of fetal and adult hemoglobin shows that 20 of the
amino acid substitutions are found to occur on the surface of the molecule, whilst
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10 are in the interior. There is an important amino acid replacement at position 143,
B His — vy Ser. Residue 143 is one of the amino acids involved in binding the allos-
teric effector 2,3-bisphosphoglycerate. This substitution results in 2,3BPG being
bound less tightly to fetal hemoglobin, thereby not lowering the oxygen affinity as
greatly as in the adult protein.

The tertiary structure of fetal deoxyhemoglobin has been determined at 2.5 A (Frier
and Perutz, 1977). The B3 Leu — y3 Phe substitution also inhibits the binding of
2,3BPG by shifting the N-terminus, thus reducing the effectiveness of y2 His as a
phosphate binding ligand. There are no significant changes in the a subunits. The
sequence changes in the y chain result in shifts in the N-terminus of the molecule
with the A and E helices being brought closer together. The structural change is
thought to be responsible for the lower intrinsic (i.e. with no phosphate present)
oxygen affinity of fetal hemoglobin, as this conformation is similar to that of adult
deoxyhemoglobin with 2,3BPG bound.

2.6.2 The embryonic hemoglobins

There are three embryonic hemoglobins synthesised during the preplacental phase
of human development; i.e. Gower |, Gower Il, and Portland. The embryonic hemo-
globins utilise the adult o chain and a similar { chain, together with the fetal y chain
and a novel € chain, both of which are “B-like” subunits:

Gower |, Coes

Gower I, o€,

Portland, Loy,
In contrast to the adult hemoglobin, and to a lesser degree fetal hemoglobin, little is
known about the functional and structural properties of the embryonic hemoglobins.
This is mainly due to both ethical and practical problems of protein supply.
Research has been undertaken on some animal models, e.g. chicken (Brown and
Ingram, 1974), mouse (Bauer et al., 1975; Brittain et al., 1986) and crocodile (Grigg
et al., 1993), but the relevance of this work to the human system is debatable
(Mould et al., 1994).

Early research on the embryonic hemoglobins consisted predominantly of electro-
phoretic and denaturation studies. The appearance of an embryonic hemoglobin
was first observed in small human embryos which had a hemoglobin with an alkali
denaturation rate between that of adult and fetal hemoglobins (Drescher and
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Kunzer, 1954; Kunzer, 1957). This observation appeared to be confirmed when a
hemoglobin with a different electrophoretic mobility from the adult and fetal hemo-
globins was discovered in the blood from a 20 week old fetus (Halbrecht and
Klibanski, 1956). Electrophoretic studies on blood from a 10 week old embryo
found two embryonic hemoglobins present, these being designated Gower | and
Gower Il (Huehns et al., 1961). The subunit composition of Gower Il hemoglobin
was determined by tryptic peptide mapping which showed that the adult oo chain
was present and a previously unknown subunit termed €, giving Gower Il the subu-
nit composition o, (Huehns et al., 1964). Gower | was incorrectly assigned the g4

quaternary structure and was thought to be the predominant embryonic hemo-
globin (Hecht et al., 1966).

Another embryonic hemoglobin was identified in blood taken from an abnormal
baby, in which synthesis of this embryonic hemoglobin had persisted until after
birth. Electrophoresis showed that this hemoglobin had the subunit composition
XoYo and it was named Portland 1 hemoglobin (Capp et al., 1967). Preliminary tryp-
tic peptide patterns indicated that the x chain, now renamed {, was more closely
related to the a chain than the § owing to a Tyr-Arg peptide that is unique to the o
C-terminus, rather than the Tyr-His peptide which is present in the ‘B-like’ chains
(Capp et al., 1970).

The primary structure of the { chain was determined by further trypsin and pepsin
digests, and peptide fingerprinting. The resulting peptides were aligned with the o
sequence. Only for positions 41-46 was no peptide match found (Kamuzora and
Lehmann, 1975). A second sequence determination using peptide digestion led to
completion of the analysis. This work revealed the total sequence, with a number of
differences to the previously published results (Clegg and Gagnon, 1981). This pro-
tein sequence was confirmed as correct when the nucleotide sequence of the
human £ globin gene was determined (Proudfoot et al., 1982).

The sequence of the { chain is that of an ‘a-like’ globin chain. It contains 141 amino
acids, with the characteristic Lys-Tyr-Arg C-terminus, and lacks the short D helix
found in ‘B-like’ chains. There are 57 differences between the oo and { sequences
(60% identity), with several of these at positions of likely structural and/or functional
importance (Figure 2.4). The N-terminal a-amino group of the { chain Ser is
acetylated, in contrast to a1 Val. The substitutions at positions 20 (aHis — £{Gin),

23 (Glu = Thr), and 50 (His — Pro) result in the probable loss of two intra-subunit
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hydrogen bonds, and it is likely that the introduction of a Lys at position 82 will give
an additional hydrogen bond to the heme propionate side-chains. There are three

substitutions at residues involved in intersubunit interactions, i.e. 36 (Pro = His),
38 (Thr = GiIn) and 119 (Pro — Ala), which may be responsible for altering the oxy-
gen affinity of this hemoglobin (Clegg and Gagnon, 1981).

The { chain exhibits a greater sequence similarity to the two chicken ‘a-like’ globins
than to the adult o chain (Melderis et al., 1974; Chapman et al., 1980) suggesting
that the { subunit is some sort of “primitive” chain.
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Figure 2.4 Amino acid sequence alignment of the human hemoglobin { and o
chains

Identical residues are boxed. Alignment displayed with ALSCRIPT (Barton, 1993).

Tryptic digestion and mapping analysis of the resulting peptides led to a proposed
sequence for the € chain, though the second half of the sequence was tentative
(Gale et al., 1979). It was also established that the quaternary structure of Gower |
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hemoglobin was in fact {,e, and not ¢, as first thought. The determination of the

nucleotide sequence of the human ¢ globin corrected some discrepancies in the
peptide sequence (Baralle et al., 1980). The € chain is 146 amino acids in length,
differing in 30 positions from the B chain (79% identity) and in 36 positions from the
Y chain (75% identity). The majority of the key residues are conserved between the
three ‘B-like’ chains (Figure 2.6). The € chain retains the 2,3BPG-binding His143, in
contrast to the y subunit. As in the ychain the amino acid at position 3 in the € chain
is a phenylalanine, whereas in the adult B chain this residue is a leucine. The
increased side-chain size is thought to destabilise 2,3BPG binding by moving the
His2 imidazole ring further away from the binding site, as proposed for Hb F (Frier
and Perutz, 1977).

The evolutionary relationships and estimated time of divergence of the five human
globin genes (a.,(,B,e,y) have been calculated by examining the percentage diver-
gence of amino acid replacements (Efstratiadis et al., 1980; Proudfoot et al., 1982).
The relationships are summarised in Figure 2.5.

100

200

400

500

Figure 2.5 An evolutionary tree of the human globin family

Numbers given are in units of millions of years. Figure modified from Proudfoot
etal., 1982.

23



Chapter 2 Hemoglobin: An Overview

il 20
Epsilon V [H |[F T A E E K A A V LWISIKIMINVIEEA A|GG EI|A|L
Gamma G [H |F T E E DIKIATTI T LWI|GIKIVINVIEDA AIGG E|T|L
Beta VHI|L |TJ|P |[EJE K S AV LWIGIKJVINVIDEV|GGE]|AI|L
Hellx A Helix B
- = e i) IR D - T RS
30 40 50
Epsilon GRLLVVYPWTQRPFVFIDISFGINIL S|ISPSIAIILI|G
Gamma GRLLVVYPWTOQRTPFFIDISFGINIL SISASIA|IIMI|G
Beta GRLLVVYPWTORPFVFIEISFGIDILS|T PDEA|V MG
Helix C Helix D
RSSO (.-
60 70 80
Epsilon NPKVKAHGKI KVLI|ITSF FG A I KNM NL K|P A
Gamma NPKVKAHGI K KVLI|ITSLG A I KHL DILKIGT
Beta NPKVKAHGEKEKVILIGAFS GLAHL NIL K|GT
Helix E
RN EVRRGATES - Al NI 1 T 1 T
90 100 110
Epsilon FAIKILSELHCDE KLHVDPENTFIKILLGNVIMI|VI|I
Gamma FAQILSELHCDKLHVDPENTFIKILLGNVIL|V|T
Beta FAITILS ELHCDE KLHVDPENTFIIRILLGNUVI|L|V|C
Helix F Helix G
S
120 130 1440
Epsilon ILAITHF GKEFTPIEIVQAAWIQ KI|ILIVISA|VAI|II|A
Gamma VILAITHFGKEFTPIE|IVQAISWIQKMIVITGI|V A|S|A
Beta VILAHHFGKEFTPIPIVOAIAY K|VIVJA G|V_ AN A
Helix H
R T
Epsilon LIAHKI|Y H
Gamma LIS SRIY H
Beta LIAHKI|Y H
R

’

Figure 2.6 Amino acid sequence alignment of the human hemoglobin ‘B-like
chains g, v, and B

Identical residues are boxed. Alignment displayed with ALSCRIPT (Barton, 1993).

2.6.3 Genetic control of hemoglobin synthesis

A large volume of research has been undertaken into investigating the switch from
synthesis of fetal to adult hemoglobin in various animal models, with the switch
considered an ideal system for study of how gene expression is regulated by devel-
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opment (Stamatoyannopoulos et al., 1979). However, little research has been con-
ducted on the timing of the embryonic globin switches and the change to synthesis
of fetal hemoglobin.

Electrophoretic studies of hemoglobins present in early-stage embryos indicate that
the embryonic ({,¢) to fetal (o,y) globin switch starts around week 6 of pregnancy

and is completed by week 12 (Gale et al., 1979).

This time-frame coincides with the site of erythropoiesis changing from the yolk sac
to the liver, leading to the assumption that the embryonic hemoglobins are synthe-
sised in the yolk sac, whereas the liver is responsible for the production of fetal
hemoglobin. However the mechanism does not appear to be a straightforward
developmental sequence of hemoglobin synthesis, as both adult and fetal hemo-
globins have been found in embryos as young as six weeks old (Hecht
et al.,, 1966). Further investigation was done by evaluating globin production in the
erythroblasts from the yolk sac and liver of early embryos (Peschle et al., 1984,
Peschle et al., 1985). This showed that the embryonic — fetal hemoglobin synthe-
sis switch occurred as a gradual continuum. At 5 weeks only embryonic { and ¢
globin genes are activated. By 6-7 weeks these genes are gradually suppressed,
whilst the o and y genes are activated. By 7-8 weeks the € and { genes are com-
pletely inactive. These observations suggested that a single cell line is responsible,
which is modulated through development to switch from embryonic then to fetal,
and finally adult globin synthesis. Other research appears to support this idea
(Wood et al., 1985). The alternative hypothesis is that a change in cell line occurs
for each globin synthesis. The presence of some mixtures of globins in the blood at
the same time could be due to cells undergoing the globin switch out of phase, as
opposed to there being a cell line for each globin (Stamatoyannopoulos

et al., 1987).

2.7 FUNCTIONAL PROPERTIES OF EMBRYONIC RED BLOOD CELLS

Until relatively recently, little was known about the functional properties of the
embryonic hemoglobins, owing to both practical and ethical difficulties in obtaining
sufficient quantities of the proteins to conduct these studies.

The oxygen dissociation properties of embryonic red cells were investigated by
Huehns and Farooqui. They found that there was no apparent difference in the oxy-
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gen affinity compared to fetal erythrocytes (Huehns and Farooqui, 1975). However
as these measurements were carried out on whole cells, the relative globin concen-
trations present were unknown, hence correlations for the affinity of individual
hemoglobin chains could not be assessed. The oxygen dissociation curve of Port-
land hemoglobin was measured, revealing a higher oxygen affinity compared to the
adult protein. Portland hemoglobin also exhibited cooperative binding with a Hill
coefficient of around 2, (compared to a coefficient of 2.8 for Hb A) and a diminished
Bohr effect (Tuchinda et al., 1975).

It was not until recombinant embryonic hemoglobin could be expressed that other
functional studies could be conducted. Wagenbach pioneered a method to produce
adult hemoglobin from a single plasmid introduced into a yeast expression system
(Wagenbach et al., 1991). This method was adapted to initially produce Gower Il
embryonic hemoglobin (Mould et al., 1994) (for a brief description see section 3.1
on page 34) and then the Gower | and Portland proteins.

2.8 OXYGEN BINDING AND ALLOSTERIC EFFECTS OF THE HUMAN EMBRYONIC
HEMOGLOBINS

The production of recombinant embryonic hemoglobins has allowed for their phys-
ico-chemical and functional characterization.

2.8.1 Oxygen binding measurements

Oxygen binding curves were measured for the three embryonic hemoglobins at
various protein concentrations and under presumed physiological conditions (37°C,
pH 7.4, 100mM NaCl) (Table 2.1, Hofmann et al., 1995b). All the embryonic hemo-
globins have a significantly higher oxygen affinity than adult hemoglobin under
these conditions and display cooperative binding with Hill coefficients (n) greater
than 2.2.
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Table 2.1 Oxygen binding measurements for the embryonic and adult hemoglobins

Hemoglobin (mF:ri(I)-;g) n

Adult ozB; 9.8 2.9
Gower Il ap€s 5.5 2.4
Gower | {>€5 3.5 2.3
Portland &y, 5.9 2.3

* Measurements made at pH 7.4 (50mM BIS-TRIS buffer), 37°C, 100mM NaCl

Analysis of oxygen binding curves measured in the absence of 2,3BPG show that
all the embryonic hemoglobins follow the two-state model of allosteric action (Brit-
tain et al., 1997). These calculations indicate that the T state of all three embryonic
hemoglobins is considerably less stable than for the adult molecule. Hence it
appears that the higher affinity and lower cooperativity of these hemoglobins rela-
tive to the adult protein arise from destabilization of the T state.

2.8.2 Allosteric effects

2.8.2.1 Binding of 2,3-bisphosphoglycerate

The reduced binding of 2,3BPG to fetal hemoglobin is responsible for the higher
oxygen affinity relative to the adult protein under physiological conditions (Tyuma
and Shimizu, 1970). The oxygen affinities of the three embryonic hemoglobins
were measured as a function of 2,3BPG concentration. As discussed previously
(section 2.5.2 on page 16) 2,3BPG binds at a site formed between the B chains of
the T state tetramer. All the residues that form this site in the adult B chain: Val 1 (N-
terminal a-amino group), His 2, Lys 82 and His 143, are conserved in the € chain
suggesting that the Gower | and Gower Il hemoglobins should bind 2,3BPG in a
similar manner. It is noted that a substitution at position 3, B Leu — & Phe, which
also occurs in the y chain of fetal hemoglobin, is present in the € chain. The deoxy T
state structure of fetal hemoglobin showed that the replacement of this leucine res-
idue by the sterically more bulky phenylalanine resulted in a shift of the N-terminal
A helix, causing the movement of B2 His away from the binding site. The binding of
this effector is also reduced by the loss of two of its ligands (per tetramer) by the
substitution: 143 His— y143 Ser. The ychain is also found in the Portland embry-
onic hemoglobin and hence a drastically reduced affinity for 2,3BPG would be
expected.
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Measurements of the oxygen affinity of the three embryonic hemoglobins as a func-
tion of 2,3BPG concentration confirmed these hypotheses (Table 2.2). The € chain
containing Gower | and Il hemoglobins exhibited a slightly reduced response to
2,3BPG, and the y-containing Portland Hb showed a dramatically reduced
response to the allosteric effector (Hofmann et al., 1995b).

Table 2.2 2,3-Bisphosphoglycerate binding to the embryonic and adult
hemoglobins

Hemoglobin ;:ilige
Adult o, 0.45
Gower Il ape, 0.5
Gower | {oen 0.5
Portland Loy, 6.0

* Measurements made at pH 7.4 (50mM BIS-TRIS buffer), 37°C, 100mM NaCl.
Apparent binding constant (mM) obtained from half-saturation point.

2.8.2.2 The Bohr effect

The oxygen affinity of the human embryonic hemoglobins with respect to changes
in pH was investigated to measure the Bohr effect, both in the presence and
absence of chloride ions. Gower Il exhibited a similar response to the adult hemo-
globin (Table 2.3). All the residues rationalised as being important in the adult
hemoglobin Bohr effect (see section 2.5.1 on page 15) are conserved in this embry-
onic hemoglobin. The £ chain of both Gower | and Portland embryonic hemoglobins
contains the a1 Val = {1 Ser substitution, where the Ser has its o.-amino group
acetylated. This blocking of the N-terminal amino group would be expected to
decrease the alkaline Bohr effect by approximately 25%. This could account for the
reduced Bohr effect coefficients observed for these proteins experimentally.
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Table 2.3 Alkaline Bohr effect of human embryonic and adult hemoglobins

Hemoglobin Bohr coefficient in. thi Bohr coefficient. in‘
presence of chloride absence of chloride
Adult oo -0.45 -0.23
Gower Il apep -0.45 -0.25
Gower | (o€, -0.17 -0.10
Portland {oy2 -0.26 -0.26

#Measurements made in 50mM BIS-TRIS buffer, 37°C, 100mM NaCl
*Measurements made in 50mM HEPES buffer
The Bohr coefficient was calculated from AlogPso/ApH

2.8.2.3 The chloride effect in the embryonic hemoglobins

As described previously (section 2.5.3 on page 17) chloride ions act as allosteric
effectors of hemoglobin without specific binding. The oxygen binding curves of the
embryonic hemoglobins have been measured at varying concentration of chloride
ions to determine their response to this effector. The degree of cooperative binding
as expressed by the Hill coefficient remained unchanged. In the total absence of
chloride, the embryonic and adult hemoglobins exhibited very similar oxygen affini-
ties (Pgq values of 3.5 £0.4mmHg). However, in the presence of varying concentra-
tion of chloride ions the relative change in oxygen affinity each of the four
hemoglobins was quite different (Table 2.4).

Table 2.4 Chloride sensitivity of the adult and embryonic hemoglobins

Hemoglobin Chlc.)r.id.e .
Sensitivity
Adult o, 0.5
Gower Il o,ep 0.31
Gower | {oep 0.04
Portland Loy, 0.0

* Measurements made at pH 7.4 (50mM HEPES buffer), 37°C.
The chloride sensitivity is expressed as AlogPsy/Alog[ClI’]

The adult hemoglobin exhibited the greatest sensitivity to chloride ions and hence
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displayed the largest decrease in oxygen affinity in the presence of this allosteric
effector. The Gower Il hemoglobin’s response, though reduced in magnitude,
exhibited a similar trend with chloride concentration. The Gower | hemoglobin dis-
played a markedly lower response, whereas the Portland hemoglobin’s oxygen

affinity was not modified by the presence of CI" ions at all (Hofmann et al., 1995a).

These experimental observations have been rationalised in terms of the model pro-
posed by Perutz (Perutz et al., 1993; Perutz et al., 1994) in which sequence substi-
tutions that remove positive charges from the central cavity reduce the chloride
effect. The large decrease in chloride sensitivity for Gower | hemoglobin and total
removal for Portland hemoglobin suggests that at least two positive charges (per
dimer) are removed from the central cavity. The following amino acid replacements
in the £ chain are thought to be important in the reduced chloride effect of the
Gower | and Portland embryonic hemoglobins: o1 Val = {1 Ser-NAc, o138 Ser —

£138 Glu, and for the Portland y chain, 143 His — y143 Ser, 125 Pro = y125 Glu
(Hofmann et al., 1995a).

The reduction in chloride effect, relative to the adult hemoglobin, for the Gower I
protein is consistent with the removal of a single positive charge (per dimer) from
the central cavity. This observation is not easily rationalised in terms of amino acid
substitutions. Obviously the o chain is totally conserved between the two molecules
suggesting that a substitution in the € chain is responsible. Three possible substitu-
tions between the B and € chains have been suggested, 77 BHis — €Asn, 116 BHis
— eThr and 126 BPro — €Glu (Hofmann et al., 1995a).

In order to investigate the effects of the N-terminal acetylation, a mutant Portland
hemoglobin has been produced in which the acetylated {1 Ser is replaced with {1
Val, which does not become acetylated (Scheepens et al., 1995). The mutant pro-
tein exhibits a slightly lower oxygen affinity and an increased chloride effect, sug-
gesting that the N-terminal o-amino group is partially responsible for chloride
sensitivity.

2.8.3 Measurement of heme stability

The relative binding constants for heme have been determined for each of the
embryonic hemoglobins by the measurement of heme exchange from the appropri-
ate methemoglobin to human serum albumin (Table 2.5), a reaction that can be fol-
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lowed spectrophotometrically (Robson and Brittain, 1996). This exchange reaction
only monitors transfer from the “B-like” chain, as the o« heme is bound more than an
order of magnitude more tightly (Winterhalter et al., 1971).

Table 2.5 Equilibrium heme exchange for the “B-like” chains

. . Equilibrium

“B like” chain Distrigution Ratio’
8 2.6
¢ 0.1
y 0.2

Measurements made at pH 9.0 (100mM TRIS buffer), 20°C.

"The equilibrium distribution ratios were calculated as [metheme albumin]j[apo Hb}/
[met Hb){albumin].

These measurements indicated that the y chain binds heme ten times more tightly
than the 3 subunit, and the € chain binds heme 25 times more tightly than f3.

2.8.4 Kinetic studies

The association and dissociation kinetics of carbon monoxide binding have been
investigated by stopped flow and flash photolysis experiments (Hofmann and
Brittain, 1996). The measured oxygen association rates were found to be similar for
the three embryonic and adult hemoglobins studied. Where the embryonic hemo-
globins exhibited different properties to the adult molecule was in their kinetics of
ligand dissociation. It appears that this could be responsible for the high oxygen
binding affinities of the embryonic hemoglobins relative to the adult protein. The
unusual Bohr effects of the embryonic proteins can also be rationalised by the pH
dependence of the ligand dissociation rate.

The equilibrium constants for the tetramer-dimer reactions of the deoxy and oxy-
genated forms have also been investigated by these methods. The dimerization
rate for the deoxyhemoglobin tetramers at pH 9.0 was found to be similar for each
of the embryonic and adult hemoglobins.

2.9 AIMS OF THIS STUDY

For discussion of the human hemoglobin family it is convenient to separate human
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development into 3 stages: 1) the preplacental stage that occurs very early in
development, prior to the formation of the placenta, 2) the placental stage during
which the placenta, a specialised organ that facilitates the transfer of essential mol-
ecules to the developing organism, is formed and 3) the post-natal stage during
which the new-born child utilises its own organs for essential life functions. It
appears that during each stage of development the embryo is subjected to particu-
lar problems of oxygen supply and that there are hemoglobin molecules synthe-
sized that are optimised to transport oxygen under these different conditions. The
three embryonic hemoglobins are expressed during the preplacental phase, fetal
hemoglobin is then produced once the placenta is formed, and after birth adult
hemoglobin is responsible for oxygen transport within the body.

An extensive body of research has been conducted on determining the functional,
structural and mechanistic properties of adult hemoglobin, and a smaller but still
substantial volume of work has been compiled on the fetal molecule. In contrast, lit-
tle information has been obtained on the structure and function of the human
embryonic hemoglobins until relatively recently.

The proposed function of the embryonic hemoglobins is that they are optimised for
sequestering oxygen from the mother’s interstitial fluid, implying that the embryonic
protein would have a higher affinity for oxygen than the maternal adult hemoglobin.
Studies of the functional properties of the embryonic hemoglobins have revealed
differences in their oxygen binding behaviour in the presence of known allosteric
effectors (section 2.8 on page 26). The differences in sensitivity to these allosteric
effectors could fully explain the in vivo functional operation of these molecules (Hof-
mann and Brittain, 1996).

There has been considerable interest in the structure of hemoglobin since the pio-
neering work of Perutz, but except for human fetal deoxyhemoglobin (Frier and
Perutz, 1977) no other structures of an embryonic or prenatal hemoglobin from any
species has been determined. Structural analyses of the embryonic hemoglobins
are needed in order to establish the structural basis for their altered properties. The
present work was therefore undertaken as part of a programme aimed at analysing
the structures of the whole embryonic hemoglobin family. The Gower Il hemoglobin
structure presented here is thus the first embryonic hemoglobin to be structurally
characterised.
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The structure determination of the Gower Il human embryonic hemoglobin, and
subsequent comparisons with the other human hemoglobins would provide insights
into the structural origin of the observed functional differences.

The structure of the embryonic € chain, and its interactions with the well character-
ised o chain would contribute to the general understanding of how the conforma-
tions of the amino acids contained in the “B-like” chains influence the functional
properties of hemoglobin. Owing to the relatively large number of hemoglobin struc-
tures solved, and the high degree of structural and sequence conservation exhib-
ited amongst the members of this protein family the Gower || hemoglobin structure
would also add to the growing pool of information of how sequence determines
three dimensional structure in this protein class. The evolutionary relationships of
the members of the hemoglobin family have also been the subject of much study
(Lesk and Chothia, 1980; Efstratiadis et al., 1980; Proudfoot et al., 1982; Aronson
et al., 1994). Structural information, in conjunction with sequence data, is important
for the study of evolution among a protein family and hence the structure of the ¢
chain would contribute to the understanding of the origin of these molecules.
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Gower Il Hemoglobin: Structure Determination

3.1 EXPRESSION AND PURIFICATION OF RECOMBINANT HUMAN EMBRYONIC
HEMOGLOBINS

Recombinant Gower Il hemoglobin was expressed in Saccharomyces cerevisiae
and purified by Dr. T. Brittain, Dr. R. M. Mould and Dr. O. M. Hofmann (University of
Auckland), as described earlier (Mould et al., 1994).

Briefly, cDNA for the embryonic € globin gene was obtained from mRNA isolated
from an erythroleukaemic cell line. The cDNA was amplified to high yield by PCR,
and the globin gene ligated into Bluescript. This plasmid was used to transform
Escherichia coli and subsequent transformed clones were selected and subjected
to restriction analysis and automated sequencing to confirm the integrity of the ¢
globin gene. An adult (af) globin expression construct containing plasmid was
modified by the excision of the o and 3 globin genes, followed by replacement with
the € gene and re-insertion of the a gene. Both these genes were placed under the
control of galactose-regulated promoters. This resulting plasmid was then used to
transform Saccharomyces cerevisiae. These cells were grown at 30°C on selective
media and galactose introduced to induce expression of the ae genes. The cells
were lysed after 50 hours incubation andthe cell debris removed by centrifugation.

The embryonic Gower Il hemoglobin was purified on CM-cellulose, Q-sepharose
and Mono-S columns. The addition of exogenous heme proved unnecessary for
hemoglobin production. The yield after 15 hours incubation was 20-30mg/L of cell
culture. Higher yields could be obtained (upto 70 mg/L) but problems of sulphaem
incorporation were encountered (Hofmann et al., 1994). The integrity of the Gower
Il hemoglobin was confirmed by UV/visible spectroscopy, SDS-PAGE analysis, gel
exclusion chromatography and N-terminal protein sequencing.

3.2 CRYSTALLIZATION

3.2.1 Protein handling and storage

All manipulation of the Gower || hemoglobin was undertaken in the presence of CO.
The embryonic hemoglobins are all sensitive to the presence of oxygen, with bind-
ing of the ligand causing irreversible oxidation of the heme iron, producing methe-
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moglobin, which has a tendency to precipitate. 2mM sodium dithionite was added
to both the protein and precipitant solutions to aid in keeping the iron in the reduced
state.

The protein was stored at -70°C, dissolved in 50mM BIS-TRIS buffer pH 7.4 and
100mM NaCl. Prior to crystallisation experiments the NaCl and buffer were
removed by dialysing against milli-q water in a microcentricon. The protein concen-
tration was determined by measuring the absorbance of the hemoglobin solution
fully saturated with carbon monoxide (e1¢,=8.4 at 540nm with a pathlength of 1cm).

3.2.2 Initial crystallization screening

Several protein crystallisation screens that have been successful at identifying ini-
tial crystallization conditions with other proteins were tested on the Gower Il hemo-
globin (Kingston et al., 1994; Jancarik and Kim, 1991). Conditions from which the
adult hemoglobin had been crystallised were also tried (Perutz, 1968). Vapour diffu-
sion with hanging drops on plastic cover-slips suspended over Linbro tissue culture
plates was the crystallisation method employed. All crystallizations were set up
under an atmosphere of carbon monoxide in a glove box, and solutions were
degassed and purged with carbon monoxide before use. Small bright red irregular
clusters of crystals grew in 3ul drops by mixing equal volumes of the protein solu-
tion (40 mg/ml in 0.01M HEPES buffer pH 7.0 with 2mM dithionite) and a reservoir
solution comprising 0.2M TAPS/KOH pH 8.5 and 21%(w/v) monomethylether-poly-
ethylene glycol 5000 (MME-PEG 5000). Crystals appeared after 2-5 days equilibra-
tion against the reservoir solution at room temperature (Figure 3.1).

3.2.3 Crystallization by micro and macro-seeding

Subsequent rounds of micro, followed by macro-seeding, were necessary to grow
crystals large enough for data collection. Briefly, the initial crystals were crushed
and used to streak-seed microcrystals into a 10 pl drop containing 15 mg/ml protein
pre-equilibrated with 0.2M TAPS/KOH, pH 8.5, 14%(w/v) MME-PEG 5000. The
drop was then left to equilibrate against a reservoir of 20%(w/v) MME-PEG 5000,
0.2M TAPS/KOH, pH 8.5. This gave small but nicely formed crystals (Figure 3.2);
two or three subsequent rounds of macro-seeding with these crystals, using similar
techniques, gave crystals large enough for data collection (Figure 3.3).

| am extremely grateful to Mrs. H. M. Baker for conducting these crystallisation
experiments.
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Figure 3.2 Gower Il hemoglobin crystals grown via microseeding

Magnification unrecorded for both these photographs
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Figure 3.3 Gower Il hemoglobin crystals produced via macro-seeding

These crystals were typically of size 0.2 x 0.2 x 0.4 mm. Magnification unrecorded.

3.2.4 Further crystallization trials

It transpired that these crystals (see Section 3.3.1) had an extremely long ¢ axis
(320 A) that presented problems for data collection on the in-house generator and
detector. The deoxy form of trout hemoglobin has been crystallized in a cell
(a=b=63.3 A, c=312.7 A, y=120°) of similar dimensions to the Gower || hemoglobin,
though the symmetry of the cell is hexagonal and contains an o dimer in the
asymmetric unit (Tame et al., 1996). Further crystallization experiments were con-
ducted in attempts to crystallize the Gower Il hemoglobin in a different crystal form.
These trials, however, were unsuccessful.

An analysis was made of the crystal contacts in the lattices of the previously crys-
tallized human hemoglobins, in order to determine whether a particular substitution
in the € chain may be responsible for the failure of the Gower || hemoglobin to crys-
tallize in one of these lattices. No sensible rationale could be established however.
Analyses of this kind are problematic; the manner in which protein sequence and
structure affect crystallization behaviour is poorly understood, even for homologous
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proteins. There are numerous examples (Day, 1993; N. Peterson, unpublished
results) in which a single point mutation engineered into a protein, or the substitu-
tion of a metal ion at the active site (R. A. Edwards, unpublished results) prevents
the protein crystallising in the same lattice as the wild type, even if the alteration
occurs away from regions involved in crystal contacts. The most striking example of
this is hemoglobin itself where the point mutation $6 Glu — Val in sickle cell hemo-
globin (Ingram, 1956) completely alters the aggregation behaviour of the molecules
so much that it affects the morphology of the red blood cell itself.

3.3 DATA COLLECTION

Two diffraction data sets were collected on the Gower Il hemoglobin crystals with
an R-axis lIC system, employing a Fuji imaging plate as an X-ray detector and
CuKo radiation from a Rigaku RU-200 rotating anode generator. This data collec-
tion was carried out at Massey University.

3.3.1 Data set 1 (HBAE2)

A crystal fragment was mounted in a wax-sealed glass capillary. A small amount of
crystallisation mother liquor was included at the ends of the capillary to form a
vapour front and prevent crystal dehydration, and the capillary sealed with wax.
The crystal was oriented with the longest (needle) axis approximately pointing
down the capillary, which was also the axis of rotation for the data collection. The
generator was operated at 50kV and 100mA and the crystal to detector distance
was set at 180mm for data collection at room temperature. Three still X-ray photo-
graphs were taken at phi angles of 0, 45, and 90° with an exposure time of 30 min-
utes. Diffraction spots were observed to about 2.9 A, which at this crystal to film
distance was close to the edge of the detector screen. The separation between the
spots was small, but they could be resolved. Sixty oscillation photographs were
taken with an exposure time of 50 minutes. The oscillation range for each photo-
graph (Aphi) was 2°. The outer limit of the resolution decreased slightly as the data
collection proceeded, presumably due to radiation damage of the crystal.

Automatic auto-indexing of the diffraction images using the programs REFIX
(Kabsch, 1988) and the R-AXIS software (Sato et al., 1992) failed to produce a
conclusive set of cell dimensions owing to the closeness of the reflections. The a
and b cell lengths consistently converged to values around 62.5 A, but the long ¢
cell length varied greatly depending on which reflections were used in the computa-
tion. Consequently it was not possible to integrate the data successfully.
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3.3.2 Data set 2 (HBAE4)

The crystal was mounted in a glass capillary with the long needle axis approxi-
mately parallel to the capillary and rotation axes. The detector was set further back
to 220mm to increase the spot separation. Four still photographs were taken at phi
angles of 0, 20, 60, and 80° with an exposure time of 40 minutes, at room tempera-
ture. Very weak spots were present to 3.3 A on the edge of the screen. Forty oscil-
lation photographs were recorded, each with an exposure time of 60 minutes. The
oscillation range for each photograph (Aphi) was 1.5°.

Autoindexing of the still photographs using the R-AXIS software gave a cell of:
a=62.8 A, b=62.8 A, c=320.9 A, a=p=7=90°

The same cell was also calculated from autoindexing an oscillation photograph with
REFIX. The intensity data were integrated with DENZO (Otwinowski, 1993) and
then scaled, averaged and converted to structure factor amplitudes using the CCP4
suite of programs (Collaborative Computational Project, 1994) (results not shown).

The cell calculated above was used to process the first data set (HBAE2). Meas-
urement of the profile-fitted intensities was conducted using the program DENZO.
The measured intensities were scaled and merged in ROTAVATA and AGROV-
ATA from the CCP4 suite. HKLVIEW from the CCP4 suite was used to display
pseudo-procession photographs of the reciprocal lattice for data processed in P1.
Two-fold symmetry was present about the a and b axes with odd h00 (h00%2n)
reflections absent, indicating the presence of a two-fold screw axis along a
(Table 3.2). The hkO section revealed the four-fold symmetry of the lattice. The 00/
reflections suggested that the ¢ axis had either 44 or 43 symmetry (Table 3.1).
Though no OkO reflections were measured, with the presence of point group 422
the a and b axes are identical necessitating that b must also be a two-fold screw
axis, hence the lattice space group was assigned to be one of the enantiomorphs
P41242 (number 92) or P452,2 (number 96).
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Table 3.1 Subset of the 00/ Intensities for data set HBAE2

h k / Intensity Sigma 1/Sigma
0 0 69 20.5 23.2 0.9
0 0 70 32.0 16.0 2.0
0 0 72 1043.9 76.4 13.7
0 0 73 -17.2 16.2 -1.1
0 0 74 -22.2 221 -1.0
0 0 75 -2.7 224 -0.1
0 0 78 14.4 18.8 0.8
0 0 79 -41.5 20.9 -2.0
0 0 80 140111 653.6 21.4
0 0 90 6.7 16.4 0.4
0 0 91 -4.8 22.8 -0.2
0 0 92 721.6 51.6 14.0
0 0 93 5.8 16.1 0.4
0 0 94 4.7 22.1 0.2
0 0 95 3.9 15.7 0.2
0 0 96 543 221 2.5
0 0 97 23.8 21.7 11
0 0 98 -13.6 20.7 -0.7
0 0 99 -3.5 20.7 -0.5
0 0 100 15.3 20.8 0.74
0 0 101 -6.4 20.1 -0.3
0 0 102 2.3 19.0 -0.1
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Table 3.2 Subset of the h00 intensities for data set HBAE2

h k / Intensity  Sigma  I/Sigma
2 0 0 3703.8 152.4 243
3 0 0 -3.9 8.1 -0.5
4 0 0 9699.4 432.1 22.4
5 0 0 8.6 18.9 0's
13 0 0 -04 30.5 0.0
14 0 0 4573.0 2446 18.7
15 0 0 -21.3 42.2 -0.5
16 0 0 193.5 44.8 4.3
17 0 0 45.3 48.3 0.9
18 0 0 5246.1 200.8 26.1
19 0 0 -83.3 54.2 -1.5

The data were processed in space group P43242 (number 96), with a total of 311

measurements being rejected due to failing the rejection criteria (j - {{)) /o(l) > 4
(a summary of the data processing statistics is given in Table 3.3). Structure factor
amplitudes were obtained from the measured intensities by the procedure of
French and Wilson (French and Wilson, 1978), and put on to an approximate abso-
lute scale by calculation of a Wilson plot (Wilson, 1942) using TRUNCATE from the
CCP4 suite. This method forces all negative intensities to be positive, and inflates

the weakest data which are likely to be underestimated. The Wilson estimation for

the overall temperature factor was 62 A2,
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Table 3.3 Data processing statistics for the Gower Il embryonic Hb data set
HBAE2

HBAE2 Data” (40-2.9 A)

Upper
resolution 8.96 642 526 457 409 374 3.46 3.24 306 290 Al
limit (A)

No. of
measured 3041 5491 7072 8460 9498 10630 11599 12519 10342 7315 85967
reflections

No. of
unique 598 955 1186 1380 1534 1676 1813 1931 1943 1629 14645
reflections

<I>/<o()>» 15.0 11.7 9.8 9.2 8.5 7.2 54 3.6 2.7 1.9 71

C°’?§/";9‘e' 976 100 99.8 100 100 100 100 100 954 763 959

Multiplicity 5.1 5.7 6.0 6.1 6.2 6.3 6.4 6.5 5.3 4.5 5.9

R-merge'

(%) 3.8 5.0 6.9 71 8.0 9.7 13.4 20.2 26.9 37.0 9.1

#Rejected measurements are not included in the statistics
*R-merge =Zpy 5l I;(hkl)-{1(hkl) )l / Zpw Zil [i(hkl) |

Complete. is an abbreviation for completeness

The Matthews’ coefficient (Matthews, 1968) gave a Vm of 2.47 AS/Da, assuming
the presence of a tetramer in the asymmetric unit. This value is equivalent to the
protein occupying 49% of the cell volume, or a solvent content of 51%.

A plot of the logarithm of the mean amplitude for reflections of constant h, k and /
versus 1/resolution yielded three similar curves, indicating that the diffraction was
isotropic. In this procedure all reflections of constant h are binned and the mean
amplitude (<F,;>) and mean 1/resolution calculated. This procedure is repeated for

k and / to give the final plot (Figure 3.4).
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Figure 3.4 Plot of the logarithm of the mean observed amplitude as a function
of resolution for reflections of constant h, k and /

This figure was prepared with DATAMAN (Kleywegt and Jones, 1996).

In order to prevent overlap of the reflections during data collection owing to the long
c axis of the crystal, it was necessary to set the detector a large distance back from
the crystal resulting in decreased intensity of the measured observations. It was
hoped that an improved data set could be collected on the more intense beam line
of a synchrotron source. Two data sets were later collected at the BL-6A2 synchro-
tron facilty at the Photon Factory, Tsukuba, Japan by Prof. E. N. Baker,
Dr. H. R. Faber and Dr. R. L. Kingston. These crystals however did not diffract as
well as those used at Massey, resulting in a data set to 3.4 A.

For all molecular replacement calculations, refinement and map calculations the
HBAE2 data set was used.

3.3.3 Self-rotation function

A self-rotation function was calculated using GLRF (Tong and Rossmann, 1990)
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which employs the reciprocal space method of Rossmann and Blow (Equation 3.1,
Rossmann and Blow, 1962),

R(C) = [P (X)) P,(X,)dX, Eq. 3.1
U

where the rotation function R is calculated by comparing the Patterson function P;
at position X; with the Patterson function P, at position X,. In the case of the self-
rotation function both P; and P, are calculated from the native structure factor
amplitudes. The function is calculated over the spherical volume of Patterson
space U. A maximum in the rotation function yields the relative orientation C of
identical molecules within the asymmetric unit.

The hemoglobin tetramer exhibits pseudo 222 point symmetry, having only one true
two-fold owing to the non-equivalence of the o and € chains. The self-rotation func-
tion was calculated using amplitudes of resolution 10.0 to 4.0 A and magnitude
greater than 6c or absolute value 100. The outer Patterson integration radius was
20.0 A and the Patterson origin peak was removed from the computation. The peak
heights and a stereographic projection of the x=180 section of the rotation function
are given in Table 3.4 and Figure 3.5.

Table 3.4 Self-rotation function calculation (GLRF) k=180 section®

Spherical Polar Angles (°)

Peak Peak Height
No. o v 2 (o)
1 0.0 21.0 180 13.9
2 96.0 84.0 180 9.7
3 21.0 135.0 180 7.9
4 57.0 57.0 180 7.7

#Non origin peaks shown only
Polar angles (¢,y.x) are defined such that ¢ is the angle from the cartesian x axis,

and vy as the angle from the y axis, with x as the rotation about the axis defined by ¢
and y.
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Figure 3.5 Stereographic projection of the Gower Il Hb data (HBAE2) self-
rotation function k=180 section

The plot of the self-rotation function has been contoured in steps of 0.8, starting at
a value of 0.66 above the mean value of the k=180 section.

The highest peak on the k=180 section (¢=0, y=25) suggested that the two-fold
NCS operator between the two ae dimers lay in the AB plane, bisecting the crystal-
lographic two-fold axes along the AB diagonal and either the A or B axis.

A native Patterson function was also calculated. The absence of any large non-ori-

gin peaks in the asymmetric unit indicated that there were no purely translational
non-crystallographic symmetry operators in the cell.
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3.4 MOLECULAR REPLACEMENT

3.4.1 Search model

The model used for cross-rotation and translation searches was adult carbonmon-
oxy hemoglobin solved to 1.7 A resolution (Silva et al., 1992, PDB code 1BBB).
The whole tetramer, including the heme groups, was used as the search model. All
solvent molecules were removed and the temperature factors were setto a value of

20 A2, The o subunits were left unaltered as this chain is totally conserved in the
Gower Il hemoglobin. In positions where the € sequence differed from the  chain
the side-chains were trimmed back to the common atoms, except for aspartate/
asparagine, glutamate/glutamine, and valine/threonine substitutions which were
considered to be similar enough to be left unaltered.

3.4.2 Rotation search

Test calculations have shown that calculation of rotation functions using normalised
structure factors, |El, leads to peaks of improved signal to noise and a smaller
dependence on the resolution limits of the data used, in comparison to structure
factor amplitudes. Normalised structure factors are calculated (Equation 3.2) by
dividing the structure factor amplitude, corrected for € (a symmetry dependent cor-
rection) by its smoothed and interpolated average in equal volumes shells of recip-
rocal space (Driessen and Tickle, 1994).

2
|2 = M Eq 3.2

|E 5
(|IF"7€)
Normalised structure factors were calculated for the model in a large P1 cell (using
the programs SFALL and ECALC from the CCP4 suite). The observed native struc-
ture factor amplitudes were also normalised.

A cross-rotation function was calculated utilising Crowther’s fast rotation function
algorithm (Crowther, 1972) as implemented in ALMN. Data between 10 and 4 A
and Patterson integration radii of 4 - 38 A were used in the computation. Two
unambiguous peaks related by a two-fold rotation were apparent at a height of 10c,
clearly distinct from the next highest peak at 4c (Table 3.5).
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Table 3.5 Results of the rotation search (ALMN)

Eulerian Angles (°)

Peak Peak Height
No. = B y (o)

1 18.2 42.7 209.5 104

2 71.5 426 151.1 9.9

3 69.7 53.0 346.7 4.0

Eulerian angles (o, B, y) are defined such that o is a rotation of the coordinate sys-
tem about z, B is a rotation about the new y axis, and y is a rotation about the new z
direction.

The same two peaks were consistently present as the top distinct peaks in the rota-
tion function, with resolution limits changed to 8.0-4.0 A and 12.0-4.0 A, and Patter-
son integration radii changed to 4-40 A.

The two solution peaks are related by a two-fold rotation, described in polar angles
as 0=70° ¢=49°, and x= 180°, where w is the angle from the z axis, ¢ is the angle
from y, and x the rotation about this axis. This orientation was present as the third
highest peak in the self-rotation function.

3.4.3 Translation search

TFFC from the CCP4 suite was used to calculate a translation function. This pro-
gram calculates a full-symmetry (Harada et al., 1981) formulation of the Crowther
and Blow T2 function (Crowther and Blow, 1967). The translation function calcula-
tion would resolve the space group ambiguity. A similar position was found for both
space groups, but the height of the peak in space group 96 indicated that this was
the most probable symmetry (Table 3.6 and Table 3.7).

Table 3.6 Translation function results (TFFC) -- space group P43242 (96)

Reai Fractional Coordinates Realabicigtit
No. (o)
i] 0.22209 0.39991 0.18591 37.4
2 0.22264 0.39971 0.13750 19.5
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Table 3.7 Translation function results (TFFC) -- space group P44242 (92)

Peak Fractional Coordinates Fegihieight
No. (o)
1 0.22177 0.40071 0.18584 19.2
2 0.22171 0.40047 0.43575 19.1

The next highest noise peaks in the translation function had the same x and y coor-
dinates, but were smeared along the z axis.

The translation function calculations were repeated for all other space groups of
point group 422. The only other space group with a solution significantly above the
noise level was P4,22 (Table 3.8). In this space group x and y fractional coordi-
nates for the position of the tetramer are identical to that found for P43242, but the
molecule is translated along z by 12.5% of the cell ¢ axis. This shift results in steric
clashes of the symmetry related molecules making the molecular replacement
solution untenable. A space group of P4422 is also not consistent with the system-
atically absent reflections observed, but it is intriguing that there exists a set of
intermolecular cross vectors in this space group that are similar to those of the true
lattice. This result is unexplained at this stage.

Table 3.8 Translation function results (TFFC) -- space group P4422 (91)

RS Fractional Coordinates PeaictieldIl
No. (o)
1 0.22217 0.39997 0.06095 21.1
2 0.30306 0.32032 0.06092 10.0

The rotation and translation searches were repeated with several calculations
using AMORE. (Navaza, 1994). Structure factor amplitudes of several resolution
ranges were used in the computations: 14.0 - 3.4 A, 10.0 - 4.0 A, and 8.0 - 40 A
and outer Patterson integration radii of 31 A and 34 A for the rotation function.
Again two unequivocal peaks were observed, indicating that in this instance, with
such a distinct molecular replacement solution, normalising of the structure factors
proved to be unnecessary. The translation function was calculated in space groups
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P45;242 and P44242. In space group P43242 the same orientation and position was
determined as that from ALMN and TFFC. After the rigid-body fitting algorithm of
AMORE this solution for the tetramer had a correlation coefficient of 56.1% and an
R-factor of 41.1% (for data in the range 10.0 to 35 A), with no other solutions
present with a correlation coefficient greater than 10% and an R-factor less than
57%. When the translation function and rigid-body fitting were calculated in space
group P44242 the highest peak had a correlation coefficient of 15% and an R-factor
of 55%. These results from the translation function calculations unambiguously
defined the space group as P45242.

In order to determine whether the quaternary structure of the tetramer was biased
towards the search model the molecular replacement calculations were repeated
using an aff dimer (of the tetramer described previously) as the search model. In
order to facilitate interpretation of the results of the calculation, the dimer was orien-
tated and positioned by the molecular replacement solution matrix as determined
for the tetramer. The calculations were conducted with AMORE in space group
P4,2,2 utilising the same parameters as described previously, except for a reduc-
tion in the Patterson integration radius to 17 A due to the smaller size of the search
model. The molecular replacement calculations positioned the two dimers to form
the same tetramer as located previously. The molecular replacement results after
rigid-body fitting are given in Table 3.9.

Table 3.9 of dimer molecular replacement solutions

Rotation Function Solutions Translation Function Solutions  Correlation
(Eulerian angles) (°) (Fractional Coordinates) Coefficient” R-fictor'
o B Y X y z (%) o)
357.9 -0.11 1.26 0.9935 0.0058 -0.002
47.5 46.8

57.27 38.84 223.33 0.5203 0.5629 0.4312

*for data in the range 10.0 to 35 A

3.4.4 Validation of the molecular replacement solution

The molecular replacement solution was unambiguous. The same solution was
obtained using two different programs (ALMN/TFFC and AMORE) and with normal-
ised and unnormalized structure factors. The top peak was consistent when the

49



Chapter 3 Gower Il Hemoglobin: Structure Determination

resolution limits of the data used in the calculations were changed, and the Patter-
son radius for the rotation function computation was varied. The same solution was
obtained using an aff dimer as the search model. The molecules pack well in the
crystal, forming a sensible crystal lattice (Figure 3.6) and as the refinement pro-
gressed, chemically reasonable crystal contacts were apparent. From calculation of
SIGMAA-weighted Fourier maps (Read, 1986), phased from the molecular replace-
ment solution, several of the omitted side-chains were clearly visible in the differ-
ence density (Figure 3.8, on page 55).

Figure 3.6 Crystal packing of the Gower || embryonic Hb molecules

This figure were prepared with TURBO-FRODO (Roussel and Cambillau, 1991)

A retrospective analysis of the self-rotation function shows that the NCS two-fold is
present on the k=180 section as the third highest peak. Analysis of the crystal
packing yielded no obvious explanation of why the large peak at ¢=0, y=25 domi-
nated the k=180 section.

In order to determine whether this NCS operator was accounted for in the model a
self-rotation function was computed using structure factors calculated from the
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refined Gower Il hemoglobin model (F;). The parameters for the calculation were
the same as for the observed native data self-rotation function. A listing of the peak
heights and a stereographic projection of the k=180 section are given in Table 3.10
and Figure 3.7.

Table 3.10 Self-rotation function calculation (GLRF), calculated structure factors
k=180 section”

Spherical Polar Angles (°)

Peak Peak Height
No. 0 v & (o)

1 0.0 20.0 180 13.9

2 125.0 45.0 180 97

3 21.0 135.0 180 7.9

4 57.0 57.0 180 7.7

#Non origin peaks shown only
Polar angles (¢,v,x) are defined such that ¢ is the angle from the cartesian x axis,

and v as the angle from the y axis, with k as the rotation about the axis defined by ¢
and .
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Figure 3.7 Stereographic projection of F, self-rotation function k=180 section.

The plot of the self-rotation function has been contoured in steps of 0.75¢, starting
at a value of 17c above the mean value of the k=180 section.

3.4.5 Crystal contacts

The crystal contacts are formed predominantly between the o4 subunit and the

other three subunits of crystallographically-related tetramers (Table 3.11). It is inter-
esting to note that the o, heme propionate is involved in making a hydrogen

bonded crystal contact.
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Table 3.11 Potential inter-tetramer hydrogen bonds

Source Target Distance Symmetry Translation

Atom Atom (A) Operation (Tx Ty T2)
0412 Lys NZ 0590 Lys O 3.40 1/2+x, 1/2-y, 1/4-z 000
0416 Lys NZ o, Heme O2D 3.10 1/2+x,1/2-y, 1/4-2 000
o444 Pro O €559 Lys NZ 3.20 -y, X, 1/2-z 110
0145 His N €,44 Ser OG 3.29 -y, =X, 1/2-z 110
04116 Asp OE2 0,61 Lys NZ 3.13 1/2+x, 1/2-y, 1/4-z 000

3.5 REFINEMENT OF THE GOWER Il HEMOGLOBIN MODEL

3.5.1 Overview of the Gower Il hemoglobin refinement

The adult hemoglobin search model provided a good molecular replacement solu-
tion for the calculation of an initial phase set. However the final stages of the refine-
ment were not straight forward, principally due to the moderate resolution of the
data. With the availability of only a modest number of reflections for refinement, and
the absence of any independent phase information, care was necessary in order to
prevent biasing the model when rebuilding. It was also important not to overfit the
data by the introduction of unwarranted numbers of extra parameters. The magni-
tude of the free R-factor, as well as the difference between this statistic and the
conventional R-factor were monitored in an effort to prevent this. In order to prevent
the introduction of a large number of parameters by the modelling of individual sol-
vent atoms, a bulk solvent model was used for the Gower || hemoglobin refinement.
Owing to the twofold symmetry of the Gower || hemoglobin tetramer it was possible
to reduce the number of refinable parameters by incorporating this NCS information
in the form of constraints and restraints on the refinement. Considerable effort has
been undertaken in recent years to improve not only the algorithms and protocols
for protein structure refinements but also the methods of assessing the accuracy of
protein structures (Dodson et al., 1996; Brunger, 1992a; Branden and Jones, 1990;
Kleywegt and Brunger, 1996). Several of these improved methods have been
incorporated in the Gower Il hemoglobin refinement and are discussed below.

3.5.2 Cross-validation during refinement

It is widely accepted that the preferred method for following the course of a macro-
molecular refinement is by the free R-factor (Brunger, 1992a). The free R-value is
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calculated from a subset of reflections that have been excluded from the refine-
ment. This yields a statistic that is independent from the refinement, but allows the
process to be monitored. The omitted set should contain at least 1000 reflections
for the free R-value to be a statistically valid value (Dodson et al., 1996). Approxi-
mately 10% (1485 reflections) of the HBAE2 data were randomly selected for the
free-R set. These free reflections were conserved throughout the refinement, with
the exception of the initial refinement in TNT, where no automatic facility for the cal-
culation of a free R-value existed. Simulated annealing in X-PLOR was used to
remove any bias from the model towards the free reflections after these refinement
steps (Kleywegt and Brunger, 1996). A solution to this problem was found for later
refinement in TNT, so that a free R-factor could be calculated.

The presence of NCS in the crystal results in correlations between reflections in
reciprocal space. Consequently there may exist relationships between reflections in
the working and test sets giving a free R-value that is no longer strictly independent
from the refinement process, and that is likely to be underestimated. The refined
structure of the MS2-RNA complex which exhibits ten-fold NCS has a free-R of
0.209 and R-factor of 0.192 (Valegard et al., 1994). The structure of glucose fruc-
tose oxidoreductase from Zymomonas mobilis has six copies in the asymmetric
unit, some of which are related by nearly pure translational NCS symmetry (King-
ston et al., 1996). The free R-factor and conventional R-factor for the refined struc-
ture were 0.22 and 0.21 respectively. In these extreme cases of high NCS it has
been suggested that the free-R set of reflections be assigned in thin randomly
selected resolution shells so that all correlated reflections end up in either the work-
ing set or the test set. It is not clear what effect omitting complete resolution shells
of reflections will have on the refinement process and map calculations. Test cases
with a molecule with four-fold NCS revealed that although the absolute value of the
free-R (with randomly selected reflections) was lower than for a similar structure
without NCS, the free R-factor was still a valid indicator for the refinement (Kley-
wegt and Jones, 1995).

3.5.3 Model building methods

After rigid-body refinement, maps with SIGMAA-weighted Fourier coefficients,
(2mlF,l - DIF_l) and (mlF,l - DIF ), (where mis the figure of merit, and D is an esti-

mate of the error in the structure from coordinate errors) were computed

(Read, 1986), and electron density maps were calculated using phases calculated
from the model. All reflections were included in the map calculations. At several
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positions where the B and &€ sequences differed, and hence the side-chain had been
truncated to alanine, there were peaks in the difference density map indicating the
position of the omitted side-chain (Figure 3.8).

Figure 3.8 Electron density maps of ¢ Met 78

The 2miF,| - DIF is shown in dark blue and is contoured at 1.0c, with the miF,| -
DIFJ map, in light blue, contoured at 3.0c. The phases are calculated from the MR
solution model

The molecular replacement solution model (with residue 78 as Ala) is shown in light
blue. The refined coordinates are shown coloured by atom type (C=yellow, N=blue,
O=red, S=green).

The presence of these peaks further validated the molecular replacement solution.
The side-chains that differed in the € chain and were visible in the maps were
added to the model, and other alterations to the model were made using the pro-
gram TOM (Jones, 1982). After subsequent rounds of least squares or maximum
likelihood refinement, maps as described above were calculated, and the model
was rebuilt, initially using TOM and later using TURBO-FRODO (Roussel and
Cambillau, 1991). The maps calculated were generally of high quality, though
owing to the limited resolution of the data it was difficult to determine peptide orien-

55



Chapter 3 Gower || Hemoglobin: Structure Determination

tations and side-chain torsion angles in some regions of the structure. In these
ambiguous areas the structures of the other human hemoglobins were used as
guides in the model building, in addition to the considerable database of informa-
tion on protein stereochemistry available in the model building programs and litera-
ture (e.g. Ramachandran plot and rotamer libraries).

3.5.4 Treatment of NCS during the refinement

The major problem of protein structure refinement is the lack of measurable obser-
vations, when compared to the total number of parameters to be refined. For the
Gower Il hemoglobin refinement the current model of the tetramer in the asymmet-
ric unit contains 4386 atoms. Positional refinement only of these atoms yields
13158 parameters, whilst the data set collected to 2.9 A contains 15641 reflections.
If an individual isotropic temperature factor is refined for each atom the number of
parameters exceeds the number of reflections. The most powerful way of reducing
the number of parameters refined is by the use of NCS. Molecules related by NCS
can be constrained to be identical, resulting in a reduction of the number of param-
eters by a factor of the order of the NCS. This of course assumes that all the mole-
cules in the asymmetric unit are identical, which at medium to low resolution
appears to be a reasonable assumption where there is not enough data to model
any differences. Analysis of protein structures containing NCS that had been
refined at high resolution with no NCS restraints or constraints imposed, show that
the average rms difference of the Co atoms between the monomers is ~0.4 A
(Kleywegt, 1996). An additional advantage of employing NCS constraints is that the
amount of manual model building is reduced, as only one monomer in the asym-
metric unit has to be adjusted, though it is necessary to check the fit of the other
monomers to the maps to ascertain that the NCS is indeed obeyed.

The alternative method of treating NCS is to restrain the molecules to be similar,
with a weighting scheme determining how closely the monomers are related. The
reduction of the number of parameters refined in this case is dependent on the
weights chosen. This method is more flexible in allowing different parts of the mole-
cules to be restrained with different weights.

A mixture of NCS constraints and restraints was used during the refinement of the

Gower Il hemoglobin structure. During the simulated annealing refinement the
model was subjected to very tight NCS restraints, resulting in rms differences (for
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all atoms) between the two ae dimers of 0.025A. During the TNT least squares and
later maximum likelihood refinement NCS constraints were imposed. The NCS
operator was calculated by least squares superposition of the ae dimers
(Kabsch, 1976). At various stages during the refinement cycles of rigid-body refine-
ment were conducted to refine the position of the monomers, and the NCS operator
was subsequently recalculated. During the last round of refinement in X-PLOR the
NCS constraints were relaxed and NCS restraints were imposed to enable side-
chains that were ordered in only one dimer to be modelled.

3.5.5 Solvent model and bulk solvent correction

Protein crystals typically contain 30-70% solvent (Matthews, 1968) and hence the
ordered water molecules generally modelled for protein structures represent only a
small fraction of the total solvent scattering in the crystal. Owing to the limited reso-
lution of the data no water molecules were included in the atomic model of the
Gower |l hemoglobin, hence it was considered more important that the scattering
contribution due to the bulk solvent be taken into account. If this component of the
scattering is ignored the calculated structure amplitudes are systematically greater
than the observed amplitudes at low resolution, creating problems in scaling these
terms for refinement and map calculations. This effect is due to an overestimation
of the electron density contrast at the protein surface if the macromolecule is
placed in a ‘vacuum’, instead of disordered solvent.

One solution to this problem is to omit the low resolution terms below 5 A. This pro-
tocol is unsatisfactory, however, since the omission of these reflections causes dis-

tortions in Fourier maps (Kostrewa, 1997).

Two methods for correcting for the bulk solvent contribution to the scattering were
employed in the refinement of the Gower Il hemoglobin. The bulk solvent correction
implemented in TNT (Tronrud et al., 1987), REFMAC (Murshudov et al., 1997), and
SHELXL (Sheldrick, 1997) was first employed by Moews and Kretsinger (Moews
and Kretsinger, 1975). This protocol employs an application of Babinet's principle,
in which the scattering due to the bulk solvent (F,,) is assumed to have an ampli-
tude directly proportional to that from the protein (F,,,), with opposite phase

(Equation 3.3).

F_,=-K

SO

< 2
sin 6
so!Fprofexp[_Bsoi ).2 J Eq. 33
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and hence the total scattering (F,,,) is the sum of the protein (F,,,,) and bulk sol-

vent (F,,;) contributions (Equation 3.4):

F

total

i
sin 0
= FPror_Kso!Fpro:exp[_BSoi A.E } Eq. 34

K, is a scale factor which is dependent on the relative electron density of the bulk
solvent when compared to the protein (with values typically 0.7 - 0.9), and B, is
the temperature factor of the disordered solvent (with values typically 100 -
300 AZ). These bulk solvent scale factors are dependent on the scaling parameters
K and B which bring F,,, on to an absolute scale. During the TNT refinement it was

found that it was not possible to simultaneously refine all four of these scaling
parameters with 2.9 A resolution data. The bulk solvent scale factors were varied
systematically and the free R-factor was monitored to determine which values
yielded the best scaling model. The best parameters were K,,=0.7 and

B;,=300 A2, though the free R-factor was not sensitive to small changes in these

values.

An alternative approach is the bulk solvent correction as implemented in X-PLOR
and CNS (Jiang and Brunger, 1994). A mask is placed around the protein by rolling
a solvent probe over its Van der Waals surface. The region outside the mask is
assigned to be bulk solvent and filled with a uniform value of electron density.
Structure factors for the solvent contribution (F,,) can be calculated via Fourier
transform. These structure factors are modified by a scale factor K, and tempera-
ture factor B,,, and vectorially added to the structure factors calculated from the

protein atoms, F,,, (Equation 3.5).

-
F F +K£O,Fsofexp[-3mﬁ} Eq 35

total = prot 3
A

The values of K, and B, are determined by least squares minimization of the total
model structure factors versus the observed data. In X-PLOR it was possible to
refine the bulk solvent parameters successfully. This bulk solvent model makes no
assumption about the relationships of the phases between the protein and bulk sol-
vent structure factors.
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Tests were conducted comparing the two solvent corrections described, as imple-
mented in the programs TNT and X-PLOR. These comparisons are not strictly of
just the solvent corrections, as this component of the scaling cannot be isolated
from the scaling of F,;,; The same coordinates (final refined TNT coordinates) were

used to calculate the statistics shown in Table 3.12.

Table 3.12 Statistics for the implementation of the two bulk solvent models in the
Gower |l Hb refinement

Bulk Solvent model Free R-factor R-factor
TNT: Babinet 0.273 0.234
X-PLOR: Babinet 0.273 0.225
X-PLOR: masked 0.239 0.197

The values of K and B were refined as well as the solvent correction. In the two
Babinet-type bulk solvent treatments the solvent parameters were set to values of
K,=0.7 and B,,=300 A?

Test calculations comparing the two bulk solvent models described have been con-
ducted on EcoRV endonuclease, leading to the conclusion that the mask-derived
bulk solvent correction as implemented in X-PLOR is the best available
(Kostrewa, 1997). It has been shown that the assumption made in the Babinet-type
solvent correction, i.e. that the phases derived from the bulk solvent density are
opposite to those from the protein electron density is only true at resolutions lower
than 15 A (Urzhumtsev and Podjamy, 1996). This is presumably a consequence of
the assumptions inherent in the application of Babinet's principle: that the two com-
plementary masks (in this case the protein and bulk solvent regions) are comprised
of the same scattering matter and that the electron density distributions for the two
regions are smooth and featureless. The calculations conducted on the Gower ||
hemoglobin appear to support this conclusion, with the free R-value being substan-
tially lower for the X-PLOR bulk solvent correction. However the maps were not
dramatically improved, indicating that this drop in free R-value did not appear to
correlate with an improved phase distribution. A comparison of two maps calcu-
lated from the same atomic model but from structure factors incorporating the two
different bulk solvent corrections yielded a correlation coefficient of 0.98.

Similar results were found during the refinement of phosphoserine aminotrans-
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ferase from E. coli (G. Hester, personal communication). The structure was refined
at 2.8 A resolution with NCS restraints. The crystallographic R-factors for the two
bulks solvent models described above were: REFMAC Babinet-type solvent model,
R-free = 0.322 and R = 0.265, and X-PLOR mask-type solvent correction R-free =
0.286 and R = 0.227. The maps calculated from each set of structure factors did
not appear to differ greatly, though extensive tests were not conducted.

3.5.6 Temperature factor model

There has been considerable debate in the literature as to what constitutes the
most suitable temperature factor model for protein structure refinement at a particu-
lar resolution (Dodson et al., 1996), with the refinement of each macromolecule
having its own peculiarities of data quality (independent of resolution) and the pres-
ence or absence of NCS. A suggested method for determining an appropriate B
factor model is to start with a simple model that refines few parameters e.g.
grouped temperature factors with one B per residue refined, and then introduce
more sophisticated treatments whilst monitoring the free R-value to determine
whether the introduction of more parameters is justified (Kleywegt and
Brunger, 1996).

Refinement of temperature factors was begun after the simulated annealing refine-
ment in X-PLOR with the free R-factor at 30.1%. Initially one temperature factor per
residue was refined in TNT. However by monitoring the R-free, the best tempera-
ture factor model was achieved by refining individual isotropic temperature factors
using the ‘knowledge based restraints suggested by Tronrud (Tronrud, 1996a).
However a problem arises in determining what is a reasonable drop in the free R-
factor, indicating an improvement in the model, when the difference between the
free R-factor and the conventional R-factor increases at the same time, indicating
overfitting in the refinement.

The statistics shown below (Table 3.13) are calculated for the last round of refine-
ment in TNT using the maximum likelihood target. In each case the temperature
factors were reset to 50 A% and positional and temperature factor refinement was
conducted with NCS constraints and a bulk solvent correction (as described previ-
ously). Though the figures given below were for the last round of refinement in TNT,
these B factor models were also tested in this manner at various other stages of the
refinement.
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Table 3.13 R-factors for TNT temperature factor models

B factor model Free R-factor R-factor
Grouped B: One B per residue 0.286 0.252
Grouped B: Two Bs per residue 0.280 0.243
Restrained individual isotropic 0.270 0.225

During the final refinement rounds conducted with X-PLOR the NCS constraints
were removed for the last refinement round and replaced with NCS restraints.
Since this resulted in the introduction of double the number of parameters (though
tightly restrained) it was deemed necessary to re-evaluate the temperature factor
model by examination of the free R-factor as a function of the different temperature
factor models. The results of these calculations are given in Table 3.14

Table 3.14 R-factors for X-PLOR temperature factor models

B factor model Free R-factor R-factor
Grouped B: Two Bs per residue 0.235 0.186
Restrained individual isotropic 0.230 0.174

The refinement with restrained individual isotropic temperature factors has con-
verged to a model with the lower R-free value. Again, however, the difference
between the R-factor and the free R-factor has increased, suggesting that the
model has been somewhat overfitted. The rms difference for the temperature fac-

tors between bonded atoms was 4.2 A2, a value usually considered higher than
desirable at this resolution. For these two reasons the grouped temperature refine-
ment was considered the better protocol, and the final model for Gower Il hemo-
globin has two temperature factors refined per residue, one for main-chain atoms
and another for side-chain atoms. The heme has one temperature factor for the
prosthetic group, and another for the bound ligand.

3.5.7 Progress of the Gower Il hemoglobin refinement

3.5.7.1 X-PLOR rigid-body refinement.

Rigid-body refinement of the initial model, from molecular replacement, was carried
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out using X-PLOR (Brunger, 1992b) with each of the four subunits allowed to move
independently. The R-factor decreased from 0.395 to 0.360 with a corresponding
drop in the free R-factor from 0.388 to 0.350 during 40 cycles of refinement with
data between 15.0 and 4.0 A. The rotations of the subunits were less than 2°, with
translations less than 0.7 A. This was followed by a further 40 cycles refining
against data to 3.1 A, resulting in a final free R-factor of 0.372 and R-factor of 0.363
(for data in the range 15.0 - 3.1 A).

3.5.7.2 X-PLOR simulated annealing refinement.

Refinement by simulated annealing was next conducted using X-PLOR (Brunger
et al., 1987). Molecular dynamics is used to simulate the motion of the protein
atoms, yielding a cluster of energetically allowed structures for a given tempera-
ture. The simulated annealing protocol consists of raising the temperature to a suf-
ficiently high level to overcome energy barriers and then slowly cooling the system
to its energy minimum. The crystallographic residual and the geometric restraints
are expressed as energy terms in the minimization.

NCS restraints were imposed on the refinement. An overall temperature factor was
refined and no contribution for the scattering of the bulk solvent was included. The
model was restrained to the Engh and Huber geometry library (Engh and
Huber, 1991). After several rounds of simulated annealing refinement and model
rebuilding the R-factor had dropped to 24.7% and the free R-factor to 30.7% for all
reflections between 10.0 and 3.1 A. The rms deviations from ideal geometry for the
model at this stage were 0.013 A in bond lengths and 2.6° in bond angles.

3.5.7.3 TNT restrained least squares refinement

The TNT restrained least squares package (Tronrud et al., 1987) was used for
least-squares restrained refinement of the model. This program was used as it has
an elegant and easy method of implementing NCS constraints during the refine-
ment and also allows the simultaneous refinement of atomic positions and temper-
ature factors. The NCS restraints on the Gower Il hemoglobin tetramer were
replaced with NCS constraints and one temperature factor per residue was refined.
The resolution limits were increased to include the higher resolution data, and
because a bulk solvent correction was included in the scaling, the lower resolution
terms were also used (20-2.9 A). After several rounds of refinement and rebuilding,
and the subsequent introduction of restrained individual isotropic temperature fac-
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tors into the refinement the crystallographic R-factor and free R-factor were 0.213
and 0.273 respectively.

3.5.7.4 TNT maximum likelihood refinement

The recent implementation of a maximum likelihood target in TNT (Pannu and
Read, 1996) allowed this method to be utilised in the final stages of the Gower Il
hemoglobin refinement. The function minimised in least squares amplitude refine-
ment is:

Sw (|F,|-k|F)* Eq. 36
hkl

where |F | and IF | are the observed and calculated structure factor amplitudes, k is

a scale factor, and w a weight. The assumption made in refining against this resid-
ual is that the deviation between |F,| and |F | is a Gaussian with mean zero and a
standard deviation that is independent of the model parameters. However this is
not appropriate, as phase errors in the calculated structure factors, which can be
large when the model is incomplete or contains many errors, are not taken into
account. A maximum likelihood treatment has been formulated (Read, 1990;
Bricogne, 1993) that is more suited for protein structure refinement and has been
implemented into various programs (Pannu and Read, 1996; Adams et al., 1997;
Murshudov et al., 1997). This method is based on determining the probability of
making a measurement, given the model and its errors (misplaced and missing
atoms), as well as errors in the intensity measurements. The effects of these model
errors on the calculated structure factors are quantified by calculating ¢, values
(Read, 1986). The free-R set of reflections is used to calculate 6, to prevent over-
fitting of the amplitudes and hence underestimating the errors in the calculated
structure factors. Test calculations using maximum likelihood refinement on a
number of protein structures have given dramatic results, yielding models with
twice the improvement in average phase error, with clearer and less biased elec-
tron density maps in comparison to a least squares minimization (see references
above).

The Gower Il hemoglobin model was well refined after the least squares refinement
(Rf=0.273, R=0.213). However cycles of maximum likelihood refinement, in con-
junction with model building, did result in improvements in the model. The free R-
factor decreased to 0.269 and the R-factor increased to 0.225. The actual decrease
in the free R-factor was greater than these statistics suggest as scale factors are
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refined for both the working and free sets in the TNT least squares refinement,
whereas the maximum likelihood implementation refines the scale factor against all
the reflections. The additional scale factor typically resulted in the free R-factor
being underestimated by around 0.5% in the least squares case.

3.5.7.5 X-PLOR least squares refinement

A final round of refinement was conducted in X-PLOR to incorporate the mask-type
bulk solvent correction unique to this program. Tests calculations have shown this
method to give an improved description of the solvent scattering compared to the
Babinet type model (Section 3.5.5). The crystallographic R-factor at the end of
refinement was 0.185, with a free R-factor of 0.232. The progress of the Gower ||
hemoglobin refinement is summarised in Table 3.15.

Table 3.15 Overview of Gower Il Hb refinement

Method Program Data (A) NCS Model Bulk Sol- B factor Final Final
vent Model Model Rfree R
RBR X-PLOR - 10.0-3.1 none None Overall 0.372 0.363
SAR X-PLOR  10.0-3.1 restrained None Overall 0.307 0.247
LSQR TNT 20.0-2.9 constrained Babinet Isotropic  0.273 0.213
MLR TNT 20.0-29  constrained Babinet Isotropic  0.269 0.225
LSQR X-PLOR  40.0-29 restrained Mask Grouped 0.232 0.185

Abbreviations: RBR=rigid-body refinement, SAR=simulated annealing refinement,
LSQR=least squares refinement, MLR=maximum likelihood refinement.

3.5.8 Quality of the final model

The final model comprises residues 1-141 of the alpha subunits, i.e. the complete
polypeptide chain, and residues 1-145 of the epsilon subunits, having the C-termi-
nal residue (His 146) omitted with no interpretable electron density. A nhumber of
side-chains, predominately on the surface of the molecule, with little or no electron
density present, have not been included in the model (six in o4, seven in o, twelve

in €4 and eleven in €5, Table 3.16). These residues have been modelled as alanine.
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Table 3.16 Side-chains not included in the Gower || hemoglobin atomic model

o oo € €
23 Glu 23 Glu 2 His 2 His
50 His 30 Glu 22 Glu 6 Glu
56 Lys 50 His 59 Lys 22 Glu
60 Lys 56 Lys 61 Lys 76 Lys
78 Asn 60 Lys 65 Lys 80 Asn
141 Arg 78 Asn 76 Lys 82 Lys

141 Arg 82 Lys 87 Lys
87 Lys 95 Lys
90 Glu 120 Lys
95 Lys 143 His
120 Lys 144 Lys
121 Glu
143 His

The free R-factor for the final Gower Il hemoglobin model is 0.232 (1485 reflec-
tions), with a conventional crystallographic R-factor of 0.185 (13113 reflections), for
all data in the range 40.0-2.9 A. The model is tightly restrained, with rms deviations
from ideal bond lengths of 0.0064 A and ideal bond angles of 1.16°. The rms differ-
ence (calculated on all Co. atoms) between the two a chains, which is a measure of
the deviation from true NCS for the two subunits, is 0.015 A. The rms difference for
the € chains, calculated in the same manner is 0.048 A. The reason for the greater
divergence between the two € chains is due to a shortcoming in the method in
which X-PLOR implements NCS restraints. Residues that are not identical, i.e. a
lysine that may be modelled in one monomer but is disordered in the other and is
included as an alanine, cannot be restrained, even those atoms that are common
(e.g. main-chain and CPB atoms). The & chain has non-equivalent residues at a
greater number of positions (12) than the a (3) and hence displays a larger NCS
difference between its subunits.

The main-chain torsion angles (¢ and y) were not restrained during the refinement
(though Ramachandran plots were referred to during model rebuilding) and hence
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the distribution of these values can be used as a method of validating the structure.
A Ramachandran plot of main-chain torsion angles calculated with PROCHECK
(Laskowski et al., 1993) shows that 92.1% of residues lie in the most favoured
region, with none in the disallowed area (Figure 3.9).

Psi (degrees)

45 90 135 180

Phi (degrees)

Figure 3.9 Ramachandran plot for the refined Gower Il Hb tetramer

Glycine residues are represented as triangles, with all other residues shown as
squares. Figure produced from PROCHECK (Laskowski et al., 1993)

A measure of how well the atomic model fits the final electron density map can be
expressed by calculating real-space correlation coefficients (cc) for each residue of
the polypeptide chain. The coefficients calculated with CNS (Brunger et al., 1997)
for the final model as a function of residue number for each subunit of the Gower ||
hemoglobin tetramer are shown in Figure 3.10.
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Figure 3.10 Real-space correlation coefficients for the Gower Il Hb subunits

The heme group and carbon monoxide ligand have been included as the two C-ter-
minal residues in each monomer.

The outliers in the real-space correlation coefficient plots can be predominantly
attributed to charged residues on the surface of the molecule with poor side-chain
density, for example Asp €143: Glu €1101, €5101: Lys a199, 0,99, £1104 and the ¢
C-termini. It is interesting to note that residues 91-103 of both a chains, a region of
the sequence that corresponds to the FG loop and the N-terminal part of the G helix
is described as fitting the density less well, an effect not obvious from visual inspec-
tion of the atomic model and maps. This region (FG corner) is part of the structure

that participates in the allosteric switch region during the R to T transition.
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The average temperature factors for the Gower Il hemoglobin tetramer main-chain
and side-chain atoms are 49 A2 and 50 A2 respectively, compared to a calculated
Wilson B of 62 A2. A more detailed analysis of the temperature factors is given in
Table 3.17. It is interesting to note that the average temperature factors are higher
for the epsilon chains that for the alpha subunits. This may reflect an increased
atomic motion within the epsilon chains, but could also give an indication of the fail-
ure of the refinement to completely converge at this resolution; the model for the
alpha chain was essentially unchanged from that found for the adult hemoglobin,
which had been refined at 1.7 A yielding a precise and accurate model. It is also
worth noting that when a protein structure is refined with NCS constraints or very
tight restraints the temperature factors can incorporate any breakdown of the NCS
and hence will be inflated.

Table 3.17 Average temperature factors (A%) for the Gower Il hemoglobin

Gower Il Hb subunit

Atoms
oy o €4 €
Main-chain 39 44 58 59
Side-chain 42 44 5V 61
Heme 37 39 78 60
Ligand 21 39 41 43
All 40 44 58 60

The four heme groups are well defined, except for the propionic acid groups on the
¢ hemes, which have weak density. Clear density is observed for a CO ligand
bound on each heme. The SIGMAA coordinate error (Read, 1986) is 0.35 A (calcu-
lated with all reflections). No water molecules are included in the model owing to
the low observation to parameter ratio at this moderate resolution. A summary of
the final model and refinement statistics is included in Table 3.18.
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Table 3.18 Refinement and model statistics

R-factor (all data 40.0-2.90 A)

Free R-factor (all data 40.0-2.90 A)

Bond length rms deviation

Bond angle rms deviation

NCS Alpha subunit rms difference

NCS Epsilon subunit rms difference

G factor*

Residues in most favoured region of Ramachandran plot*
Residues in disallowed region of Ramachandran plot*
Average main-chain temperature factor

Average side-chain temperature factor

Number of protein atoms in model

Number of heme atoms in model

Number of CO atoms in model

0.185 (0.301)
0.232 (0.366)
0.0064 A
1.16°

0.015 A
0.048 A

0.5

92.1%

0%

49 A2

50 A2

4234

172

8

The R-factors given in parentheses refer to the outermost 2.97-2.9 A shell.

#As defined by PROCHECK (Laskowski et al., 1993)
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Gower Il Embryonic Hemoglobin: Structure and Function

4.1 QUATERNARY STRUCTURE

The Gower Il hemoglobin molecule assembles into the well characterised hemo-
globin tetramer of two hetero-dimers (Figure 4.1 and Figure 4.2). Each dimer com-
prises the shorter 141 residue o polypeptide and the longer 146 amino acid € chain.
Each chain binds a heme group via a proximal histidine.

Figure 4.1 Ribbon diagram of the Gower Il embryonic hemoglobin tetramer

The epsilon chain is represented in gold and the alpha chain shaded blue. The
heme groups and carbon monoxide ligands are shown as a ball and stick represen-
tation. The figure was prepared with MOLSCRIPT (Kraulis, 1991).
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Figure 4.2 Stereo Ca trace of the Gower Il embryonic hemoglobin tetramer

The epsilon chain is shown in thicker lines. The figure was prepared with MOL-
SCRIPT (Kraulis, 1991).

Two quaternary states for the liganded hemoglobin tetramer have been character-
ised, the R state (Shaanan, 1983) and the R2 (Silva et al., 1992) or Y state (Smith
et al., 1991; Smith and Simmons, 1994). The quaternary structure of carbonmonoxy
embryonic Gower Il hemoglobin lies between that of the R2 and R states, though
closer in orientation to the R2 tetramer. The rotation required to overlay the Gower
Il e and adult aff dimers, after superposition on the other half of the tetramer, is 3°
for the R2 state and 9° for the R state (Figure 4.3). The Gower Il hemoglobin, like
the R2 or Y adult hemoglobin quaternary structures was crystallized from low salt
conditions, in contrast to the adult R state model which was crystallized from 2.5M
sodium/potassium phosphate (Shaanan, 1983). It appears that crystallization of the
R2 state is favoured by low salt conditions (Silva et al., 1992; Srinivasan and
Rose, 1994; Smith and Simmons, 1994). Srinivasan and Rose suggest that the R
state is an intermediate quaternary structure trapped between the R2 and T states
due to the high salt crystallization conditions (Srinivasan and Rose, 1994), an idea
supported by the studies of cross-linked hemoglobins (Schumacher et al., 1997).
Other analyses have lead to the proposal that the R2 state may be an intermediate
on the R to T pathway, (Silva etal., 1992) or a modified R state (Janin and
Wodak, 1993). The rms differences for all main-chain atoms between the Gower ||
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hemoglobin, and adult R2 (PDB code 1BBB) and R (PDB code 1HHO) state tetram-
ers are 0.8 A and 1.6 A respectively. Superpositions calculated with all the main-
chain atoms for just one o.4e4/04B4 dimer yield rms differences of 0.7 A and 1.1 A for
the R2 and R states. By comparison the rms difference between the Gower Il and
deoxy adult T state tetramers (Fermi et al., 1984, PDB code 2HHB) is 3.0 A, and
1.1 A for superposition of the dimers.

Figure 4.3 Stereo Ca trace of the Gower Il (yellow), adult R2 state (green), adult R
state (red) and adult T state (blue) Hb tetramers.

The superposition was calculated on one o8 dimer. The figure was prepared with
TURBO-FRODO (Roussel and Cambillau, 1991).

4.2 ALPHA SUBUNIT
4.2.1 Tertiary structure

The a subunit is strictly conserved between the human adult (05f35), fetal (a,v,) and
Gower |l embryonic (ope,) hemoglobins. The tertiary structure of the Gower Il alpha
subunit is essentially identical to that of the alpha subunit found in the other mem-

bers of the human hemoglobin family (Figure 4.6, on page 75). The rms difference
of all main-chain atoms of the embryonic alpha chain is 0.3 A when compared to the
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adult o polypeptide, a value close to the estimated error of the coordinates at this
resolution. The largest conformational change observed is the displacement of the
C-terminal region of the loop between the C and E helices (the CD loop in standard
hemoglobin nomenclature, corresponding to residues 47-52) resulting in a shift of
1.2 A of the Co atom of residue 50 away from the central cavity on the tetramer dyad
axis. Flexibility in this region is indicated by high temperature factors for this part of

the structure (in the region of 80 A?) and the lack of any side-chain density for the
side-chain of histidine 50. This loop shifts as a rigid body maintaining a similar con-
formation to that found in the adult, with main-chain torsion angles characteristic of
R and R2 state hemoglobins (Srinivasan and Rose, 1994). The embryonic Gower ||
C-terminal dipeptide is found in the more extended R2 conformation as compared
to the R state. There is a shift of residue 141 towards the tetramer twofold axis rel-
ative to the adult R2 o subunit (Co. movement of 1.3 A). This region is highly solvated
in both the adult liganded quaternary structures (Silva et al., 1992; Shaanan, 1983)
and this also appears to be the case in the Gower |l structure, with no side-chain
density visible for the C-terminal arginine side-chain.

4.2.2 Heme pocket

The structure of the a subunit heme pocket in Gower || hemoglobin is extremely sim-
ilar when compared to the corresponding subunit of adult R and R2 hemoglobin. A
superposition of the o heme pocket (all atoms of helices E and F, and heme group)
results in an rms difference of 0.5 A from the adult R2 molecule. Though the present
resolution is limited, the refinement and the electron density consistently favour an
angular orientation for the carbon monoxide bound to the heme (Figure 4.4 and
Figure 4.5).
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Figure 4.4 2mlF | - DIF | map for the oy heme.

The map is contoured at 1 sigma. The figure was prepared with TURBO-FRODO
(Roussel and Cambillau, 1991).

%{EM 147F

€ €

HEM 147E

Figure 4.5 mlF | - DIF_| omit maps for the ligand at each of the Gower Il Hb heme
groups.

The omit map is contoured at 5 sigma in each case. The figure was prepared with
TURBO-FRODO (Roussel and Cambillau, 1991).
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Figure 4.6 Superposition of the Gower Il o (yellow), adult R2 state o. (green) and
adult R state o (red) Hb subunits (calculated on all Ca atoms)

These figures were prepared with TURBO-FRODO (Roussel and Cambillau, 1991)

Figure 4.7 Superposition of the Gower Il € (yellow), adult R2 state B (green) and fe-
tal y (purple) Hb subunits (calculated on BGH frame)
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4.3 EPSILON SUBUNIT

4.3.1 Tertiary structure

The € subunit found in the Gower | ({>e5) and Gower Il (aye5) human embryonic
hemoglobins comprises a polypeptide chain of 146 amino acids (identical in length
to the B and vy subunits) and differs from the adult B chain at 36 positions (75%
sequence identity), and from the y chain, found in fetal (a,Y,) and embryonic Port-
land (Coyo) hemoglobins at 30 positions (79% sequence identity). The & subunit

exhibits the classic globin fold, having a very similar conformation to both the B and
v chains. Baldwin and Chothia (Baldwin and Chothia, 1979) established that the
regions of the hemoglobin tetramer that move the least during the T to R transition
are those secondary structure elements at the a4 interface, namely the B, G and
H helices, and proposed that this be the most suitable reference frame for the super-
position of hemoglobin structures for comparative analysis (BGH frame). Superpo-
sition on these helices shows that the overall tertiary fold of the € chain is very similar
to that of the B and y subunits (Figure 4.7). The rms differences for the position of all
main-chain atoms of the € subunit when superimposed on the B and y chains are
0.7 A and 0.8 A respectively, whereas the corresponding rms differences for super-
position on the BGH helices only are 0.5 A and 0.6 A.

4.3.2 The amino terminus and A helix

The most significant difference between the € and B subunits is a shift of the N-ter-
minus and A helix, with a similar change also observed in the T state y chain of fetal
hemoglobin (Frier and Perutz, 1977). The A helix moves towards the central cavity
of the tetramer in the direction of the R to T transition. The N-terminal region of the
subunit contains a large number of amino acid substitutions relative to the whole
sequence. The shift in the A helix appears to be due to the increased steric bulk of
the phenylalanine side-chain (B3 Leu > €3 Phe) packing against the EF loop, close
to the substitution of another large side-chain; B78 Leu = €78 Met. Flexibility in the
N-terminus is aided by the replacement 35 Pro > €5 Ala. The substitution 3130 Tyr>
€130 Trp results in the loss of a hydrogen bond between the 130 Tyr OH and the
carbonyl oxygen of $11 Val, which would hold the A helix closer to the H helix in the
adult B subunit. The extra size of the €130 Trp side-chain causes the adjacent €15
Trp side-chain to swing closer to the E helix, where a 372 Ser > €72 Gly substitution
has made room for the €15 Trp to pack against the helix. In the B chain the 15 Trp
Ne1 and the 72 Ser Oy are hydrogen bonded. The conformational changes in this N-
terminal region and A helix are stabilized by an additional hydrogen bond between
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the carbonyl oxygen of His 2 and N of Lys 132 (2.8 A) compared to a very much
longer distance between these two atoms of 3.8 A in the R2 B chain, with no inter-
action at all in the R state B model due to a peptide flip at this position. Variability in
the relative position of the A helix has been previously reported in the crystal struc-
tures of the “beta-like” chain of hemoglobins from other mammals (Katz et al., 1994;
Perutz et al., 1993).

4.3.3 Internal regions

There are a number of substitutions between the € and B chains that are located
within the internal core of the molecule. A large number of these occur in the pocket
formed by the A, B, E, G and H helices, located away from the heme pocket. The
substitution at residue 130, B Tyr > € Trp results in the loss of a hydrogen bond with
the carbonyl oxygen of ¢11 and also a large shift of Trp 15, coupled with a smaller
rotation of the A helix to relieve steric clashes between the side-chains. This move-
ment allows more room for the larger Met side-chain €18 (Val in B). Apart from these
changes little other structural difference is observed. The majority of other internal
amino acid substitutions are conservative.

4.3.4 Heme pocket

Superposition of the E helices from the embryonic € chain, adult R B and R2  chains
reveals no change in the relative positions of the E and F helices, and heme group.
There is a small shift in the position of the EF loop (residues 77-84, between the E
and F helices which form the heme pocket). This change in conformation of the EF
loop does not affect the positions of the E and F helices. Though the resolution of
the data is limited, the geometry of the liganded epsilon heme group appears very
similar to that of the liganded beta heme, exhibiting a comparable puckering. A
superposition of the heme pocket (all atoms of helices E and F, and heme group)
results in an rms difference of 0.7 A from the adult R2 B chain. The carbon monoxide
ligand again appears to be bound in an angular mode (Figure 4.8).
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Figure 4.8 2mlIF | - DIF | map of the ¢ heme pocket

The map is contoured at 1 sigma. The figure was prepared with TURBO-FRODO
(Roussel and Cambillau, 1991).

There is a single amino acid substitution contained within the heme pocket on the E
helix at position 70B Ala > ¢ Ser. The serine Oy hydrogen bonds back to the main-
chain carbonyl oxygen of Val 67, as well as packing against the methyl substituent
on the B pyrrole ring of the heme. This substitution also occurs in some other mam-
malian hemoglobins (cow, pig and horse).

One substitution with important implications for the T to R transition in the Gower ||
hemoglobin is 83B Gly—> € Pro, in a position at the start of the F helix. Relative to the
adult molecule the Gower Il hemoglobin has a less stable T state (Brittain
et al., 1997). The introduction of a rigid proline ring would be expected to decrease
the flexibility of the EF loop and restrict the manner in which the F helix can ‘react’
to changes in ligation at the heme, increasing the steric strain of the Gower |1 T state.
This substitution may also be partially responsible for the twenty five-fold increase
in heme binding of the € subunit relative to the adult B chain found for the respective
methemoglobins (Robson and Brittain, 1996). In the € chain Lys 66 appears to form
a weak ionic interaction with the heme propionate, with the N of the Lys 3.6 A from
the carboxyl oxygen (Figure 4.9). The Lys 66 residue is conserved amongst the
human hemoglobin family, but only in the fetal y subunit structure is the side-chain
in a similar conformation to that found in the € chain. This may also explain the higher
heme affinity of the y subunit (ten times greater than the adult B) measured in the
Portland ({5Y,) embryonic methemoglobin.
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Figure 4.9 Stereo view of the Gower |l € (yellow) and adult R2 state B (green) heme
groups.

The superposition was calculated on the E and F helices and the heme group. This
figure was prepared with TURBO-FRODO (Roussel and Cambillau, 1991)
4.3.5 The C-terminus and reactive Cys 93

The B subunit C-terminus, and Cys 93 situated on the FG corner, is one of the
regions that undergoes major change during the allosteric switch between the R and
T quaternary states. In the T state a number of hydrogen bonding interactions are
formed by the C-terminal residues: 146 His forms two salt bridges, one involving
the C-terminus across the o4f1 interface to 040 Lys, and a side-chain interaction
with B94 Asp, while B145 Tyr interacts with the carboxyl group of B98 Val (for a
detailed description see Fermi, 1975; Baldwin and Chothia, 1979). In the liganded
forms of the molecule the salt bridges involving the terminal residues described
above are broken, and these amino acids disordered. This increased flexibility at the
C-terminus on ligand binding results in 145 Tyr alternating between a major and
minor site in conjunction with B93 Cys (Baldwin, 1980; Shaanan, 1983). For the
deoxyhemoglobin 3 chain Cys 93 adopts the trans rotamer with the side-chain point-
ing towards the outside of the molecule, and Tyr 145 fills a pocket between the F, G
and H helices. For the liganded quaternary R or R2 state this pocket is filled by the
Cys 93 side-chain (now in the gauche minus rotamer), with the Tyr now shifted to
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the surface. The electron density maps for oxyhemoglobin suggested that Tyr 145
and Cys 93 were alternating between the major liganded conformation (with occu-
pancies of 0.8 and 0.7 respectively) and the minor deoxyhemoglobin-like conforma-
tion (with occupancies of 0.2 and 0.3 respectively, Shaanan, 1983). In the liganded
methemoglobin the equilibrium is shifted towards the deoxyhemoglobin conforma-
tion with the Tyr filling the internal pocket and Cys 93 being on the surface (Heidner
etal., 1976).

The conformation of the Cys 93 side-chain in the Gower || hemoglobin € chain is sim-
ilar to that found for deoxyhemoglobin (i.e. the trans rotamer). The electron density
indicates unambiguously that the sulphydryl is clearly in this position, with no density
present for an internal location in the pocket of the F, G and H helices for this side-
chain. The C-terminus of the € chain is disordered, as is common for liganded hemo-
globins, with no interpretable electron density present for His 146. A peak is visible
in the maps for the side-chain of Tyr 145 in the FGH pocket, though the temperature

factors are very high for this residue (main-chain ~139 A2, side-chain ~133 A?) and
no density is visible for the main-chain atoms. A large positive peak (over 4G) is vis-
ible at the end of the Cys side-chain, 2.2 A from the Sy, suggesting that some spe-
cies may be bound at this site (Figure 4.10). It is known that certain groups can bind
to this cysteine, hence the ‘reactive’ name commonly attributed to it. The cysteine
can react with mercury compounds (Perutz et al., 1960) and nitric oxide (Gow and
Stamler, 1998). Hence the possibility that dithionite (or some derivative of this mol-
ecule) could bind at this site must be considered, resulting in Cys 93 being held in
the trans conformation.

The Gower Il hemoglobin was crystallized in the presence of 2mM sodium dithionite
in order to limit oxidation of the heme iron. It may be the case that dithionite has
bound to the Cys 93 on the outside of the molecule, holding it in the conformation
normally found for met- and deoxyhemoglobin.
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ALA 140F L ALA 140F

Figure 4.10 The Gower Il £ (thick) and adult R2 state [ (thin) Cys 93 and C-termini.

The mlIF - DIF ] map is contoured at 4 sigma (The coordinate sets were superim-
posed on the E helix and heme group). This figure was prepared with TURBO-
FRODO (Roussel and Cambillau, 1991).

The alternative hypothesis is that despite conducting the crystallization experiments
under an atmosphere of carbon monoxide, oxidation of the Gower || hemoglobin did
occur. This may have happened during mounting of the crystal, which was con-
ducted in air. Estimation of the met content in hemoglobin crystals is problematic. A
common practice is to record a UV/visible spectrum on a dissolved crystal (Lidding-
ton et al., 1992; Katz et al., 1994), though it has been suggested that a large propor-
tion of any measured oxidation occurs during the process of the crystal dissolving
(Paoliet al., 1996). The method used by Paoli and co-workers to confirm the identity
of the ligand was an examination of the ligand temperature factors, as well as
inspection of the electron density for the ligand, both with the ligand present and with
it omitted for the map calculations. Furthermore the structure was refined assuming
the presence of a water ligand, and the difference maps calculated from this model
were inspected for evidence of a diatomic ligand. This protocol was followed for the
Gower Il hemoglobin model. The electron density for the ligands appears consistent
for a diatomic carbon monoxide ligand, both in a 2mlF,| - DIF map in which the

ligand was included in the map calculation (Figure 4.8, on page 78), and a mlF,| -
DIF | omit map (Figure 4.5, on page 74). Analysis of the temperature factors for the

ligand (see Table 3.17, on page 68) is complicated by the manner in which these
were treated in the refinement. A single temperature factor was refined for the heme
group, resulting in the iron B factor becoming inflated as a result of disorder in the
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external parts of the heme, principally the propionates. A single temperature factor
was refined for the two atoms-of the carbon monoxide ligand, with these values
appearing consistent with a fully occupied diatomic ligand. For refinement with a
single oxygen ligand, as for aquo-methemoglobin, the free R-factor increased
slightly from 0.232 to 0.235, with the conventional R-factor remaining at 0.185. A
map calculated from the aquo-met model revealed positive difference peaks of 3
sigma height off the end of each of the oxygen atoms bound to the four heme irons,
indicating that water alone cannot account for the observed electron density. These
observations indicate that a diatomic ligand, presumably carbon monoxide, is pre-
dominantly bound to the Gower Il hemoglobin.

4.4 SUBUNIT CONTACTS
The adult hemoglobin o434 interface remains intact during the R to T transition of
hemoglobin and is stabilized by a large number of interactions. In contrast the o135

interface is where the quaternary switch occurs, with a different set of interactions
formed in the T and R states. The a4¢g4 interface of Gower Il hemoglobin contains
three amino acid substitutions in the € chain that alter intersubunit contacts with the
corresponding a chain (Figure 4.11). The substitution at position 55, f Met > € Leu
results in the loss of a hydrophobic contact with the 119 Pro ring owing to the
shorter side-chain of the leucine. Conversely the replacement of 112 Cys -> €112
lle introduces a non-polar interaction between the elle Cé and o106 Cp (with a dis-
tance between these atoms of 3.6 A).

In the adult hemoglobin tetramer 3116 His Ne2 forms a hydrogen bond with the car-
bonyl oxygen of o114 Pro (with the distance between these two atoms in the adult
R and R2 structures being 2.9 A and 2.7 A respectively). The € chain contains a thre-
onine at this position with the side-chain Oy hydrogen bonding back to the main-
chain carbonyl oxygen of residue €113, resulting in the loss of a hydrogen bond
across the interface. The loss of a proline at position 125 (125 Pro > £125 Glu), on
the fringe of the interface has little effect on the main-chain conformation, with the
glutamate side-chain pointing into solvent.

The effects of these amino acid substitutions are unknown. The a4B4 interface

appears static during the quaternary switch, but it has been shown that oxidation of
Met 55 in the adult B chain has a dramatic effect on the properties of the hemoglobin.
The T state is destabilized resulting in a molecule showing a higher oxygen affinity
and lower cooperativity (Amiconi et al., 1989).
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Figure 4.11 Stereo superposition of the Gower Il a4¢4 and adult R2 o434 interface

The Gower Il Hb is coloured in orange (o chain) and yellow (e chain), with the adult
Hb blue (o chain) and green (B chain). The superposition was calculated on the

BGH frame. The figure was prepared with TURBO-FRODO (Roussel &
Cambillau, 1991).

The o1B5 interface is more strictly conserved amongst members of the hemoglobin
family. The only amino acid substitution occurring in this region is 43 Glu > €43 Asp
(also aspartate in fetal y chain). In the epsilon monomer this aspartate side-chain
forms an ionic interaction with the guanidinium group of 92 Arg in a similar manner
to the B glutamate, resulting in little overall change. The degree of structural conser-
vation in this region is reflected in the similar values obtained for the dimerization

constants of the deoxy adult and Gower I hemoglobins (Hofmann and
Brittain, 1996).

4.5 IMPLICATIONS FOR FUNCTION

The generally accepted physiological mode of action of the embryonic hemoglobins
is that they strip oxygen from the maternal interstitial fluid to fulfil the oxygen
demands of the respiring embryonic tissue. In order to achieve this the embryonic
hemoglobin would be expected to have a higher affinity for oxygen than the adult
protein in vivo. However, in the complete absence of any allosteric effectors the
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three embryonic hemoglobins have a very similar oxygen affinity (Hofmann
et al,, 1995b) and binding rates relative to the adult protein (Hofmann and
Brittain, 1996). Comparisons of the human adult, fetal and embryonic Gower Il
hemoglobin structures show that the proteins have very similar quaternary and ter-
tiary conformations. However they differ enough to modify the oxygen binding prop-
erties sufficiently to allow the operation of these molecules in their physiological
environment. It appears that the regions of the molecule essential for intrinsic hemo-
globin function, i.e the heme pockets and the o4, interface, are highly conserved,

but it is the response to allosteric effectors in the prenatal hemoglobins that is
reduced, resulting in a higher oxygen affinity under the same concentration of these
effectors.

Chloride ions play an allosteric role in the regulation of hemoglobin affinity. Within
the central cavity of the hemoglobin tetramer lies a destabilising excess of positive
charge (Bonaventura and Bonaventura, 1978). Diffusion of chloride ions into the
cavity results in the neutralization of this charge, though it appears that the chlorides
do not bind to any specific sites (Perutz et al., 1993; Kavanaugh et al., 1992). Diffu-
sion of chloride ions is greater in the T quaternary state owing to the larger width of
the central cavity, resulting in a greater stabilization of this state and hence a lower-
ing of the oxygen affinity. The polar residues contained within the central cavity of
the adult hemoglobin tetramer are the anionic 094 Asp, 126 Asp and 101 Glu, and
the cationic a1 Val amino-terminus, o99 Lys, o103 His, B1 Val amino-terminus, 2
His, B82 Lys, B104 Arg and 143 His. Despite the net surplus of five pairs of posi-
tively charged residues the adult tetramer behaves as though there is an excess of
only two pairs of positive charged amino acids, implying that the histidine residues
may not be completely ionized and that the lysine residues have reduced pKa values
(Bonaventura et al., 1994; Perutz et al., 1994).

Oxygen binding experiments conducted in the presence of varying concentrations
of chloride ions reveal that the Gower || hemoglobin displays a reduced sensitivity
to the allosteric effects of chloride when compared to adult hemoglobin (Hofmann
et al., 1995b), and it has hence been proposed that this is the principal effect gov-
erning the higher oxygen affinity of this molecule. The difference in chloride effect
observed between the adult and Gower |l hemoglobins is consistent with the
removal of a pair of positive charges from the central cavity of the embryonic hemo-
globin tetramer (Perutz et al., 1994), and hence one charge from the € subunit, as
the o chain is identical. The polar residues lining the central cavity are conserved
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between the adult B and embryonic € chains with the exception of 104 3 Arg > ¢ Lys
(Figure 4.12).

Figure 4.12 Ribbon diagram of the Gower Il Hb tetramer showing the position of
£104 Lys in the central cavity.

The o subunits are blue, and the & subunits green. e104 Lys is shown as a yellow
stick representation. This figure was prepared with GRASP (Nicholls et al., 1991).

In the Gower Il structure €104 Lys is involved in an ionic interaction with €101 Glu
(Figure 4.13), though density is weak for the lysine side-chain which may be partially
disordered; this is common for lysine and arginine side-chains contained within the
central cavity. In the adult R and R2 structures 104 Arg forms hydrogen bonds with
the main-chain carbonyl oxygens of 100 Pro and 3139 Asn as well as the side-
chain carbonyl of 139 Asn (lle in €). In the T quaternary structure 3104 Arg interacts
with 3101 Glu. The 104 B Arg = € Lys substitution results in the replacement of a
residue with one having an intrinsically lower pKa. If the environment of the €104 Lys
was such that the pKa was lowered enough so that at physiological pH the amine
was unionized, then this substitution could explain the reduction in the chloride effect
observed for Gower |l hemoglobin. However, examination of the environment
around this residue provides no obvious insights as to whether any reduction in pKa
is likely. Bovine hemoglobin also has a lysine residue at the equivalent position, with
this hemoglobin showing a response to chloride ions similar to that of human adult
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hemoglobin. It is much more difficult, however, to draw conclusions from these two
proteins as bovine hemoglobin shows a three-fold decrease in its intrinsic oxygen
affinity and also has B2 His deleted (Perutz et al., 1993).

Figure 4.13 The environment of Lys 104 in the € chain.

The 2mIF, | - DIF map is contoured at 1 sigma. This figure was prepared with
TURBO-FRODO (Roussel & Cambillau, 1991).

Three other amino acid substitutions between the € and B had been suggested as
possible changes responsible for reducing the net positive charge inside the cavity
and altering the chloride effect: 77 His > €77 Asn, 3116 His > €116 Thr, and 125
Pro > €125 Glu (Hofmann et al., 1995b). Though the Gower Il structure is liganded,
it is possible to infer the approximate position of these residues in the T state by
comparison with adult T state models. 116 Thr is situated at the a1 interface and
is buried in the area forming the dimer. This region of the structure is invariant during
the R to T transition and is unlikely to be accessible to chloride ions. €77 Asn is
located at the C-terminus of the E helix, with the asparagine side-chain on the sur-
face of the molecule, while €125 Glu is positioned at the N-terminus of Helix H, with
its side-chain also pointing out into solvent. Neither of these two residues are located
within the central cavity, so any overall charge differences contributed are located
on the surface of the molecule. It is unclear as to whether the reduced Gower Il chlo-
ride effect can be simply explained by a single amino acid substitution. Rather it may
be a combination of smaller electrostatic changes that cause the differences
observed.

2,3-bisphosphoglycerate lowers the oxygen affinity by binding at the top of the cen-
tral cavity of the T state hemoglobin tetramer between the N and C-termini of the two
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B chains, thus stabilizing this quaternary form. The residues which form the 2,3BPG
binding site, i.e. 1-a-amino terminus, 2His, 82Lys and 143His, are conserved
between the § and € chains. Oxygen binding experiments show that Gower || hemo-
globin exhibits a reduced allosteric response to 2,3BPG, in comparison to the adult
molecule (Hofmann et al., 1995a). It cannot be predicted whether the shift observed
in the A helix and N-terminal region of the € chain in the Gower || carbonmonoxy
structure is preserved after the quaternary switch and hence will have any influence
on 2,3BPG binding. This N-terminal shift is also observed in the y subunit of fetal
deoxyhemoglobin and has been proposed to alter the affinity of fetal hemoglobin for
2,3BPG, in conjunction with the143 His - 143y Ser substitution which removes two
of the phosphate binding ligands (Frier and Perutz, 1977). The altered binding of
2,3BPG to fetal hemoglobin is thought to be the predominant cause of the higher
oxygen affinity in vivo (Bauer et al., 1968; Tyuma and Shimizu, 1970).

During prenatal human development a system of oxygen supply has evolved
enabling the embryo to obtain oxygen from the mother. The Gower || hemoglobin
molecule has an extremely similar conformation to that of the adult hemoglobin, but
subtle differences exist that allow the function of this molecule in vivo. There exists
a reduced response to chloride ions of the embryonic hemoglobins, the extent of
which depends on the subunit composition of the particular molecule, and an altered
effect of 2,3BPG binding on the fetal and Portland embryonic hemoglobin which both
contain the y subunit. However, the comparative affinities of the hemoglobins in vivo
are also dependent on the relative amounts of these allosteric effectors in the mater-
nal and embryonic red blood cells.

4.6 SUGGESTIONS FOR FUTURE STUDIES
A structural characterization of the Gower || human embryonic hemoglobin in the T
state is a priority. It has been proposed that the destabilization of this quaternary
form is responsible for the higher oxygen affinity under presumed physiological con-
ditions (Brittain et al., 1997). The structural investigation of 2,3BPG binding could be
conducted, and comparisons made with the interactions of the adult molecule with
this allosteric effector. A structure of the T state Gower Il hemoglobin is also essen-
tial for a full investigation of the origins of the decreased sensitivity of this protein to
chloride ions, with this effect hypothesized as being the predominant cause of a
higher oxygen affinity of this molecule in vivo. The structure of the liganded Gower
Il hemoglobin, as well as other structural studies (Frier and Perutz, 1977), has
shown that the overall folds of the human hemoglobins are very similar. In order to
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fully characterize any structural differences that may account for the observed alter-
ations in functional behaviour high resolution studies, if possible, would be most
appropriate.

Investigation of the chloride effect could be enhanced by site directed mutagenesis
ofthe Gower It hemoglobin in conjunction with both functional and structural studies.
It would be interesting to determine whether any change in chloride affinity is
observed by mutating €104 Lys. Suitable substitutions would include Lys — Arg (as
found in the B chain), as well as substitutions to both neutral and negatively charged
residues. The contributions of the amino acid substitutions between the € and
chains suggested to be responsible for the altered chloride effect (€77 Asn, €116 Thr,
and €125 Glu, Hofmann et al., 1995a) could also be investigated by mutagenic stud-
ies. It might also be possible to modify €104 Lys by chemical means (e.g. by the
action of pyridoxal 5’-phosphate) and hence remove the contribution (if any) of this
side-chain to the cationic excess of the tetramer central cavity.

In order to full understand oxygen transport in the developing embryo itis imperative
that structural information be obtained for the Gower | and Portland embryonic
hemoglobins. There is considerable interest in the structure of the embryonic
chain, argued to be a ‘primitive’ chain more highly diverged from the other members
of the human hemoglobin family (Melderis et al., 1974). The level of sequence sim-
ilarity for this chain is relatively low when compared to other members of the gener-
ally well conserved globin family. The { chain has more sequence similarity to the
embryonic globin chains from chickens, suggesting the divergence of this gene from
the adult oo chain prior to the divergence of birds and mammals (Proudfoot
et al., 1982). The structure of the N-terminus of { chain is of importance as it is the
only human globin chain that contains a modified N-terminus.

88



Chapter 4 Gower |l Embryonic Hemoglobin: Structure and Function

4.7 APPENDIX

4.7.1 Crystallization experiments on the Gower | and Portland embryonic
hemoglobins

Crystallization experiments have been conducted on the Gower | ({,¢,) and Portland
(€o12) hemoglobins. A broad screen of crystallization conditions for the carbonmon-

oxy Portland hemoglobin has been undertaken utilizing screens based empirically
on previously successful crystallization conditions (Jancarik and Kim, 1991) and
those of a factorial design (Kingston et al., 1994). Crystallization experiments were
also performed under the high phosphate conditions from which adult hemoglobin is
crystallized (Perutz, 1968). The Portland hemoglobin exhibited a decreased solubil-
ity compared to the Gower Il protein. The only crystals that appeared from these
screening experiments were grown from 1.0M sodium acetate at pH 6.5 (buffered
by 0.1M imidazole) at room temperature. The bright red crystals were very small and
had an irregular appearance, with no crystalline faces apparent (Figure 4.14). The
crystals appeared over a period of around a week. A systematic search around
these initial conditions revealed that these crystals could be grown in the pH range
6.5 to 8.0, though it was essential that imidazole was the buffer used. The sodium
acetate concentration could be varied between 0.4 and 1.4M with a protein concen-
tration between 2 and 10 mg/ml. No improvement in crystal quality or size resulted
from these experiments. Crystallization in the presence of glycerol was investigated.
Concentrations of between 5 and 20%(v/v) appeared to have little observable effect
on crystal growth, though higher concentrations (>30%) resulted in an increased
number of even smaller crystals. These crystallization experiments were conducted
using hanging drops. On appearance of the crystals, a thick skin had developed over
the surface of the drop. The skin was present regardless of whether glycerol had
been included in the crystallization mother-liquor. The formation of a skin over a
hanging drop is not uncommon for crystallization experiments involving polyethylene
glycol polymers, but was unexpected for a system comprising salt and buffer. Imida-
zole is known to oxidize hemoglobin to the met form, and excess imidazole can
result in denaturation of the protein (Di lorio, 1981). Hence it may be the case that
the crystals are a heme derivative and that the thick skin enveloping the hanging
drops is denatured globin. It has not been possible to separate the crystals from the
skin for further analysis. All further attempts to obtain crystals suitable for X-ray dif-
fraction experiments have proved to be unsuccessful.
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Initial crystallization screening experiments have also been conducted on the car-
bonmonoxy Gower | hemoglobin. These trials have been unsuccessful at identifying
conditions suitable for crystal growth. Crystallization experiments on both these
embryonic hemoglobins are continuing.

Figure 4.14 Portland hemoglobin crystals

The total magnification is ~100x
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Chapter 5

P. stuizeri Nitrite Reductase: An Overview

5.1 THE PSEUDOMONAS GENUS

Bacteria of the Pseudomonas genus have straight or curved morphology and a size
of between 0.5-1.0um by 1.5-4.0um. Some members of this genus can utilise nitrate
as an anaerobic electron acceptor. These bacteria grow chemoorganotrophically at
neutral pH at mesophilic temperatures, usually in soil and sediments. Some species
of pseudomonads are human pathogens, e.g. P. aeruginosa s often found in hospi-
tals associated with infection of human urinary and respiratory tracts and can oppor-
tunistically invade patients with severe bums and other skin damage. P. stutzeri is
also often isolated from humans, living saphrolytically in the body. Pseudomonas
species can also act as plant pathogens. e.g. P. marginalis, P. syringae, and
P. solanacearun. Recentinterest in this genus has been stimulated by the discovery
of a ‘superbug’ strain of P. aeruginosa that is resistant to the carbapenems, a pow-
erful class of antibiotics and the current drug of last resort (Day, 1998).

Some pseudomonads have the ability to behave as facultative anaerobes, utilising
an alternative electron acceptor in the absence of oxygen. Anaerobic respiration is
less efficient, but enables the bacteria to inhabit a wider range of environmental con-
ditions.

Bacterial denitrification is the pathway in which nitrogen oxide species are utilised
as electron acceptors in the place of oxygen. Electron transport phosphorylation is

coupled tothe enzymatic reduction of the nitrogen oxides NO3", NO,", NO, and N,O
to N». This process is the major means by which inorganic nitrogen is converted to

nitrogen gas and returned to the atmosphere (Figure 5.1).
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Figure 5.1 Schematic diagram of the global nitrogen cycle.

Numbers given are in units x101° grams. Modified from Brock et al., 1997

It is for this reason that the pseudomonads are considered important microbes in soil
and water. Bacterial denitrification has important consequences for agriculture as it
causes the removal of applied nitrogenous fertilizer from the soil resulting in
decreased crop productivity. It has been estimated that denitrification results in the
loss of as much as20to 30% of introduced nitrogen from the soil (Firestone, 1982).
Denitrification is not a completely sealed system in all species resulting in the
release of nitric and nitrous oxides, both of which are greenhouse gases implicated
in global warming and destruction of the ozone layer. Bacterial denitrification has
found practical applications in biotechnology and environmental sciences. The pres-
ence of denitrifying bacteria in sewerage and wastewater is beneficial, decreasing
the levels of available nitrogen that stimulates algal growth. Several environmental
pollutants such as phenol (Tschech and Fuchs, 1987), toluene, 1,3-dimethylben-
zene (Kuhn et al., 1988), carbon tetrachloride (Criddle et al., 1990) and nitrilotriace-
tic acid (Wanner etal., 1990) have been reported to be broken down under
denitrifying conditions. Intrinsic interest has been high in the enzymes that catalyze

92



Chapter 5 P. stutzeri Nitrite Reductase: An Overview

the reductive steps. The nitrogen oxide reductases utilise a wide range of metallic
cofactors: molybdopterin, mononulear and dinuclear copper centres, heme groups,
iron-sulfur clusters and possibly non-heme iron.

Certain bacteria e.g. Wollinella succinogenes and Vibrio fischeri can also utilise
reduced nitrate as a nitrogen source for growth. Nitrate is reduced to ammonia in a
process called assimilative nitrate reduction and secreted into the medium, during
which no nett nitrogen is lost from the immediate microbial environment. This reac-
tion is catalyzed by a 50-60 kDa hexa-heme protein (Liu et al., 1988). Plants and
certain other bacteria carry out a similar reduction in which the ammonia produced
is utilised for biosynthetic purposes and not secreted. These nitrate reductases con-
tain an iron-sulphur cluster and a siroheme group (Brittain et al., 1992). These path-
ways are in contrast to dissimilative nitrate reduction or denitrification.

5.2 OVERVIEW OF BACTERIAL DENITRIFICATION

Denitrification was first identified as a microbial process in 1882 (Gayon and
Dupetit, 1882). Since this time the denitrification pathway has been studied in pre-
dominantly two bacterial species: the membrane-bound nitrate reductase and cyto-
chromes have been investigated in Paracoccus denitrificans (Berks et al., 1995a),
whereas the soluble nitrite reductase from Pseudomonas aeruginosa has been the
subject of much investigation (reviewed in Henry and Bessieres, 1984; Silvestrini
et al., 1994), with more recent research on the enzymes from Thiosphaera pan-
totropha and Pseudomonas stutzeri.

The sequence of reductive steps in bacterial denitrification is:
NO3z—=NO,"=NO—N,0O—N,

The four enzymes responsible for catalyzing each redox step are rather predictably

named: nitrate reductase, nitrite reductase, nitric oxide reductase and nitrous oxide

reductase. Some bacteria appear to lack a nitrous oxide reductase and hence the

pathway stops with N,O as the final product. Both the nitrite and nitrous oxide

reductases are soluble periplasmic enzymes, with the exception being the mem-

brane associated nitrite reductase isolated from T. denitrificans (Hole et al., 1996),
whereas the nitrate and nitric oxide reductases are integral membrane proteins.
Several reviews have been written in recent years on the subject of bacterial deni-
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trification (Ye et al., 1994; Berks et al., 1995a; Averill, 1996). The nature of bacterial
periplasm is reviewed by Ferguson (Ferguson, 1992).

Bacteria employ the standard tricarboxylic acid cycle, with the electrons donated to
the electron transport chain coming from NADH and succinate. The membrane-
bound nitrate reductase receives electrons from the ubiquinol pool via a redox pro-
cess that is coupled to the generation of a transmembrane proton gradient (see
Figure 5.2). The reduction of nitrate to nitrite occurs at the o subunit on the cytoplas-
mic side of the membrane. A consequence of this is that nitrate obtained from out-
side the cell has to be transported across the membrane against the membrane
potential, and subsequently nitrite delivered to the periplasm, the location of the
nitrite reductase. The mechanism of these delivery processes is not understood, but
itis known that the transport mechanism is inhibited by oxygen and can discriminate
against chlorate as substrate (Alefounder and Ferguson, 1980). The nitrite is
reduced by the periplasmic nitrite reductase utilising electrons delivered from the
membrane-bound cytochrome bc4 via a periplasmic cytochrome ¢ or blue copper
protein (azurin or pseudoazurin). The NO produced by this enzyme undergoes fur-
ther reduction by the membrane-bound nitric oxide reductase to give N,O. In certain

bacteria this is the final product of denitrification, but generally the N>O undergoes
further reduction to N, by the periplasmic nitrous oxide reductase. The electrons for

these two reduction steps are also delivered by the same mechanism as that for
nitrite reductase.
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Figure 5.2 Schematic overview of bacterial denitrification

Nir=nitrite reductase, Nar=nitrate reductase, Nor=nitric oxide reductase, Nos=
nitrous oxide reductase, cyt=cytochrome. Modified from Berks et al., 1995a
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5.3 CYTOCHROME cd,-NITRITE REDUCTASE

5.3.1 Introduction

A soluble cytochrome oxidase was first isolated and characterised from Pseu-
domonas aeruginosa grown anaerobically in the presence of nitrate by Horio and co-
workers (Horio et al., 1960). They also isolated the two redox proteins, cytochrome
Css51 and azurin that were able to act as electron donors to the oxidase. The enzyme
was initially characterised for its oxygen reductase activity, reducing oxygen to
water.

02 +4H" + 4" — 2H2O

Because of this activity and the fact that the enzyme was inhibited by CO and CN~
this soluble bacterial cytochrome oxidase was considered to be a suitable model for
the membrane bound cytochrome oxidase. A short time later Walker and Nicholas
(Walker and Nicholas, 1960) reported the discovery of a yellow-green protein that
catalysed the reduction of nitrite to nitric oxide.

NO?_- +2H* + e — NO + H20

Yamanaka and coworkers made similar observations (Yamanaka et al., 1961) and
also reported that anaerobic conditions were not the essential factor in nitrite reduct-
ase activity, but the presence of KNOj in the growth media. Anaerobic conditions,
though not being essential, do favour nitrite reductase activity (Parr et al., 1976).
Kinetic and equilibrium measurements have lead to the conclusion that nitrite reduc-
tion is the physiologically relevant reaction of this enzyme (Silvestrini et al., 1990).
Hence this enzyme, formerly called cytochrome oxidase, is now referred to as cyto-
chrome cd, nitrite reductase. This class of enzyme is distinct from the Cu containing

nitrite reductases (Section 5.4.2).

Approximately two-thirds of denitrifying bacteria examined to date contain a cyto-
chrome cdj nitrite reductase, with the remainder having a copper containing enzyme

to catalyse this reaction. Cytochrome cd; enzymes have been isolated from a range

of bacteria. including Pseudomonas stutzeri, Pseudomonas aeruginosa, Thiobacil-
lus denitrificans, Alcaligenes faecalis, Pseudomonas halodenitrificans, Paracoccus
denitrificans and Thiosphaera pantotropha (Averill, 1996).
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5.3.2 Heme groups and their biological role

The cytochrome cd; as its name implies, contains one cheme and one dy heme per
monomer. The cheme, as is found in all c-type cytochromes, is covalently bound to
the polypeptide chain via two thioether linkages to cysteine residues. These are con-
tained in a conserved structural motif, Cys-X-X-Cys-His, with the histidine side-chain
providing one of the axial heme ligands. The class | cytochrome c type of coordina-
tion, hexacoordinated and low spin with histidine and methionine axial ligands, had
been proposed on the basis of magnetic circular dichroism and EPR spectroscopic
studies on ‘resting’ oxidised nitrite reductase from P. aeruginosa (Walsh et al., 1979;
Sutherland et al., 1986). More recent studies on the enzyme from P. stutzeri have
yielded similar results (Cheesman et al., 1997), in contrast to measurements on the
oxidised enzyme from T. pantotropha which indicated that the ¢ heme was coordi-
nated by two histidine residues. The latter result was in agreement with the unex-
pected bis-histidine ligation of the ¢ heme found in the crystal structure of the
oxidised T. pantotropha enzyme (Fulop et al., 1995).

The dy heme is unique to the cytochrome cd, nitrite reductase enzymes and is the

chromophore that is responsible for the distinctive olive green colour of the enzyme.
Spectroscopic studies in conjunction with synthesis of model compounds led Chang
and coworkers to propose a porphyrindione (dioxoisobacteriochlorin) structure for d;

heme (Chang et al., 1986). Later crystal and NMR structures of heme d; (Barkigia

et al., 1992) and more recently the crystal structures of nitrite reductase from T. pan-
totropha (Fulop et al., 1995) and P. aeruginosa (Nurizzo et al., 1997) have con-
firmed these conclusions. The dy heme is more bulky than b heme (Figure 1.4).
Spectroscopic studies have shown that the ferric d; hemes are hexacoordinated,

with those from P. aeruginosa and P. stutzerilow spin species, whereas the T. pan-
totropha cofactor is a low spin/high spin mixture. Thus it appears that the enzyme
from T. pantotropha is significantly different to the enzymes studied from the Pseu-
domonas genus (Cheesman et al., 1997).

The reduced d; heme is a high spin pentacoordinated species in all cytochrome cd,

enzymes studied, being able to bind ligands such as NO,", NO, CO and O,. The d,

heme can be extracted from the enzyme via treatment with acidic acetone to give a
semi-apoenzyme whose activity can be restored by reconstitution with synthetic d,

heme (Hill and Wharton, 1978; Weeg-Aerssens et al., 1991). Reconstitution with
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heme a results in an enzyme exhibiting 5% oxidase activity of the native. Under
reducing conditions or when complexed with NO or CO there is a spontaneous, but
slow, loss of the dy heme from the enzyme (Silvestrini et al., 1994).

The c heme’s role is to accept electrons from the external donor proteins, whereas
the d; heme is the site of nitrite or oxygen reduction. In P. aeruginosa it has been

shown that cytochrome csg54 and azurin can act as electron donors (Parr et al., 1977,

Silvestrini et al., 1982). A major question in understanding the function of this
enzyme is what properties the unique d; heme provides the nitrite reductase, as

opposed to a more ubiquitous heme cofactor like b heme.

5.3.3 Gene structure and regulation

In Pseudomonas stutzeri, Pseudomonas aeruginosa, and Paracoccus denitrificans
the gene encoding cytochrome cd, nitrite reductase (nirS) is clustered with genes
encoding enzymes that may play a role in heme d synthesis, as well as genes for

other electron transport proteins (Figure 5.3).

——EEBD 11D —

Q S T B MC D C B orf3
nirQSTBMC norCBorf3

Figure 5.3 Schematic diagram of the P. stutzeri gene cluster encoding cytochrome
cdy and nitric oxide reductase.

Derived from Berks et al., 1995a.

In P. stutzeri, nirS is followed by genes for nirT - a tetra-c heme electron transport
protein, nirB - a diheme cytochrome cggo, nirM - a monoheme cytochrome csg54, and
nirC - a small monoheme c-type cytochrome (Jungst etal., 1991b). The nitrite
reductase loci from P. aeruginosa (Silvestrini etal., 1989) and P. denitrificans
(de Boer et al., 1994) do not contain the nirT and nirB genes. The nirD gene located
further downstream has not been analysed in detail, but appears to be necessary for
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cytochrome cd; synthesis. Mutations in this gene result in synthesis of an inactive

nitrite reductase lacking d; heme (de Boer et al., 1994). The genes encoding the two
subunits of nitric oxide reductase (norC and norB), and also an unknown cytoplas-
mic protein (orf3), are located near the nitrite reductase gene cluster (Jungst
et al,, 1991a).

The regulation mechanism of these genes is not well understood, though it is clear
that both oxygen and N-oxides can control expression. There appears to be some
variability amongst the different denitrifying bacteria studied. In general these genes
are not expressed under aerobic conditions, resulting in the energetically more
favourable respiration of oxygen occurring in preference to nitrogen oxide respira-
tion. There is also evidence that the genes encoding all the enzymes for denitrifica-
tion are coregulated to a certain degree (de Boer et al., 1994). Arai and co-workers
report that in P. aeruginosa the expression of the denAB (nitrite reductase) gene is
regulated in two steps, induction by nitrite and repression by oxygen (Arai
etal, 1991a; Arai et al., 1991b). Korner and Zumft have shown that anaerobiosis by
itself does not induce gene expression in P. stutzeri, but the presence of an N-oxide
is essential along with anaerobic conditions (Korner and Zumft, 1989). There is cir-
cumstantial evidence of an fnr like transcription factor in P. stutzerithat may play a
role in gene regulation (Cuypers and Zumft, 1993). Robertson and colleagues have
shown that denitrification and oxygen respiration can occur at the same time in their
studies of T. pantotropha (Robertson and Kuenen, 1984).

5.3.4 Protein sequence

To date there have been six sequences reported of cytochrome cd; nitrite reduct-

ases. These sequences are from two strains of P. stutzeri (JM300 (Smith and
Tiedje, 1992) and ZoBell (Jungst etal, 1991a)), P. denitrificans (de Boer
etal., 1994) and its sub-species T. pantotropha (Baker etal., 1997), as well as
P. aeruginosa (Silvestrini etal., 1989), and Alcaligenes eutrophus (Rees
et al.,, 1997). The sequences exhibit a high degree of variability in their N-terminal
regions. All the polypeptides contain the ¢ heme-binding motif common to the class
| cytochromes, Cys-X-X-Cys-His. The degree of sequence similarity is greater in the
C-terminal part of the enzyme. Examined in a pairwise manner the P. stutzeri JM300
and ZoBell nitrite reductases exhibit 91% sequence identity (93% for the N-terminal
domain and 91% for the C-terminal domain). When the P. stutzeri JM300 nitrite
reductase is compared to the P. aeruginosa and T. pantotropha enzymes the values
are 54% (50% for the N-terminal domain and 55% for the C-terminal domain) and
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52% (40% for the N-terminal domain and 55% for the C-terminal domain) respec-
tively. It is not possible to identify the d; heme ligands by examination of the
sequences alone. Consistent with its location in the periplasm the P. stutzeri nitrite
reductase contains a 26-residue signal sequence for export of the protein from the
cytoplasm (Jungst et al., 1991a). All the nitrite reductase sequences determined to
date indicate the absence of disulphide bonds for these enzymes. The only cys-
teines contained within the enzyme are involved in the covalent attachment of the ¢
heme. Thisis in keeping with a protein that is exported to the periplasm under anaer-
obic conditions and hence is not exposed to an oxidizing environment
(Ferguson, 1992).

In all future descriptions, P. stutzeri nitrite reductase will refer to the enzyme from
strain JM300 unless otherwise specified.
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protein sequences
in the sequences are boxed. Alignment carried out with CLUSTALW (Thompson

JM and Zo are abbreviations for JM300 and ZoBell respectively. Identical residues
et al., 1994) and displayed using ALSCRIPT (Barton, 1993).

Figure 5.4 Sequence alignment of the six known cytochrome cd,-nitrite reductase
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5.3.5 Molecular structure

The cytochrome cd; nitrite reductases are homodimeric enzymes with a subunit
molecular mass of around 60 kDa, as determined by sedimentation and chromato-
graphic analysis (Barber et al., 1976). An approximate model of the oxidised dimer
as an ellipsoid of dimensions 40 A by 20 A has been elucidated by both electron
microscopy (Saraste et al., 1977) and small-angle X-ray scattering (Berger and
Wharton, 1980). When the enzyme is reduced, however, these dimensions change
substantially to 30 A by 25 A.

Recently three crystallographic analyses have been conducted on cytochrome cd,

enzymes, the reduced (Williams et al., 1997) and oxidised (Fulop et al., 1995) states
of the enzyme from T. pantotropha, and the oxidised P. aeruginosa nitrite reductase
(Nurizzo et al., 1997). The overall architecture of the enzymes is similar, though sub-
stantial differences occur, particularly in the nature of the heme ligands between the
enzymes from different species. Discussion and comparison ofthese structures and
the P. stutzeri JM300 nitrite reductase model are provided in Chapter 7.

Briefly, the protein structure is divided into two domains. The smaller N-terminal
domain, containing the ¢ heme, resembles the type | cytochrome c proteins e.g.
cytochrome cs51 from P. aeruginosa (Matsuura etal., 1982; Timkovich and
Cai, 1993), and tuna cytochrome c (Takano and Dickerson, 1981). The larger C-ter-
minal domain is an eight-bladed B-propeller structure. The d; heme is nested on top,

in the centre of the B-propeller domain.

The oxidised T. pantotropha structure has two histidine axial ligands to the ¢ heme,
whereas the reduced enzyme and the oxidised P. aeruginosa nitrite reductase have
the histidine/methionine coordination typical of the type | ¢ cytochromes. Implica-
tions for the reaction mechanism will be discussed later. The dy heme in the oxidised
T. pantotropha structure also exhibits unusual ligation having one histidine axial
ligand and one tyrosine ligand which is provided by the N-terminal ¢ heme domain.
The tyrosine ligand is replaced, in the oxidized P. aeruginosa nitrite reductase, by

an OH/H,0 ligand which is hydrogen bonded to a homologous tyrosine.
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5.3.6 Nitrite reduction reaction mechanism

The oxidised nitrite reductase is regarded as the resting state of the enzyme. For
catalysis the ¢ heme is reduced first, followed by an internal electron transfer to
reduce the dy heme, allowing nitrite or oxygen to bind.

The transfer of electrons between the macromolecular electron donors azurin and
cytochrome c551 has been investigated both under transient and steady state con-
ditions. In P. aeruginosa, cytochrome cg54 has a higher affinity than azurin for nitrite
reductase. However both reduction rates are faster than the rate determining step
for nitrite reduction, suggesting either electron donor may function in vivo (Tordi
et al., 1985). It has been proposed that azurin binds via a hydrophobic patch (Van
de Kamp et al., 1990) and cytochrome cs54 via an exposed heme edge (Silvestrini
et al., 1982). The docking of pseudoazurin and cytochrome cg5( to cytochrome cd;
from T. pantotropha has been modelled (Williams et al., 1995). A hydrophobic patch
and surrounding positively charged residues close to the metal center on the elec-
tron donors appear to form a suitable ‘pseudospecific’ surface for binding to a match-
ing negatively charged hydrophobic patch on the top of the ¢ heme domain. Similar
complementary surfaces have been observed for the cytochrome c55¢ and nitrite

reductase from P. aeruginosa (Nurizzo et al., 1997).

Stopped flow studies (Silvestrini et al., 1990) show that the first detectable species
in the reaction under reducing conditions has the ¢ heme reduced and nitric oxide
bound to oxidised heme d;. A mechanism for the production of this intermediate has

been proposed on the basis of H2180 exchange studies (Garber and

Hollocher, 1982b; Garber and Hollocher, 1982a), which is a protonation/dehydration
of nitrite bound to the ferrous heme (Figure 5.5). Two totally conserved histidine res-
idues binding a water molecule close to the di heme may facilitate this. The next

step is proposed to be the slow loss of NO from Fe3*, with NO known to bind less
tightly to ferric than ferrous heme (Shimada and Orii, 1975). In T. pantotropha nitrite
reductase the tyrosine ligand to the d; heme observed in the oxidized structure has
been implicated in removing the NO reaction product by rebinding to the oxidized
heme. However, this mechanism cannot occur for the P. aeruginosa enzyme where
the homologous tyrosine side-chain does not bind directly to the Fe, but instead
coordinates a water/hydroxide ion that is liganded to the heme (Nurizzo et al., 1997).
Mutagenesis of this residue to phenylalanine results in no overall change in the
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enzymatic activity or spectroscopic properties. (Cutruzzola et al., 1997). In P. stut-
zeri the N-terminal region containing this residue in the other enzymes has been
deleted, inferring that a somewhat different reaction mechanism must exist for the
enzyme from this species.

For the enzyme to be recycled and catalyse further reduction steps the oxidized d,
heme is reduced by the ¢ heme. This internal electron transfer is the rate limiting
step of the reaction with a rate constant k=1 s'1(SiIvestrini et al., 1990). The reduced

d; heme is then ready to bind another NO5™ ion. Cytochrome cdj is inhibited by com-

pounds that can bind at the dy heme such as CO and CN" (Silvestrini et al., 1990).

NO,’
NOQ- I
—_ Fe* \\ _ Fe*
His His
2H*
fromch:r_ne H2O
XX NO
Fe3+ Fed*
His NO His

Figure 5.5 A reaction scheme for the reduction of nitrite by cytochrome cd;.

XX is the 6th heme ligand: tyrosine in T. pantotropha NIR or HyO/OH" in P. aerugi-
nosa NIR.
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5.4 OTHER ENZYMES INVOLVED IN DENITRIFICATION.

5.4.1 Nitrate reductase

Nitrate reductase is a heterotrimeric enzyme comprised of:

i) the 140 kDa o subunit, the site of nitrate reduction, which contains a molyb-
dopterin guanine dinucleotide (MGD) cofactor. The molybdenum atom cycles
between the Mo(IV) and Mo(VI) oxidation states via one and two electron transfer.
The role of the pterin moiety is unclear. It has been suggested that this group pro-
vides greater discrimination for binding Mo over other metals than protein ligands
could (Frausto da Silva and Williams, 1991), or that the delocalized electron orbitals
of the pterin ring provide a lower energy electron pathway than polypeptide (Berks
et al., 1995a). The method of attachment of the MGD prosthetic group to the subunit
is not known, though the recent structure determination of DMSO reductase from
Rhodobacter sphaeroides and subsequent alignment of the ligand residues indi-
cates that nitrate reductase may have a similar coordination mode to this enzyme
(Schindelin et al., 1996).

ii) the 60 kDa B subunit, which contains 4 Fe-S clusters and is presumed to
be involved in electron transfer within the trimer.

i) the y subunit, which is integrated into the membrane and anchors the com-
plex. The 25 kDa polypeptide accepts electrons from the membrane ubiquinol pool
and transfers them to the Fe-S clusters in the B subunit. This is achieved utilizing two
b heme groups as redox centres. Sequence analysis has lead to a proposed subunit
model of 5 transmembrane helices, with four conserved histidine residues identified

as potential heme ligands (Berks et al., 1995b).

5.4.2 Cu nitrite reductase

There exists a second class of nitrite reductase utilized by certain bacteria for deni-
trification. These enzymes are copper-containing proteins and exhibit a totally differ-
ent fold from the cytochrome cdy enzymes. To date no bacterium has been identified
containing both types of enzyme. The distribution of the two types of nitrite reduct-
ase does not correlate with the established taxonomic classification of bacteria. The
crystal structure of the enzyme has been determined from A. cycloclastes (Godden
etal., 1991), and A. faecalis (Kukimoto et al., 1994). The molecule is a homotrimer,
with each subunit containing a type | and type |l copper centre. The type | centre is
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mononuclear, coordinated to a cysteine and two histidine ligands. The copper site
has an intense blue colour and is responsible for electron transfer. The type Il site
also contains a single copper ion bound to histidine ligands and a solvent molecule.
During catalysis the bound solvent is replaced by substrate.

Each monomer consists of two B-barrel domains stacked on one another forming a
layered B-sandwich. The type | centres are contained within a single monomer,
whereas the type |l sites are located at the subunit interfaces with each monomer
contributing histidine ligands to the copper atom. The type | copper centres transfer
electrons from the redox donor proteins, e.g. cupredoxins and c-type cytochromes,
to the type |l sites, where nitrite reduction occurs.

5.4.3 Nitric oxide reductase

Nitric oxide reductase is comprised of two subunits. The smaller 17 kDa subunit is a
cytochrome c-type chain, and the larger 53 kDa unit binds a b heme and possibly
non-heime iron (Heiss et al., 1989). The genes encoding the 17 kDa (NorC) and 53
kDa (NorB) polypeptides have been cloned from P. stutzeri (Zumft et al., 1994). The
NorC sequence contains the ¢c heme binding motif Cys-X-X-Cys-His and a putative
N-terminal transmembrane helix region to anchor the periplasmic domain to the
cytoplasmic membrane. The NorB sequence shows some sequence similarity to the
heme-copper oxidase family. This family incorporates a subunitthatcontains twelve
transmembrane helices, with six conserved histidines providing ligands to two heme
groups and a copper ion (Ostermeier et al., 1997). No copper has been detected in
any nitric oxide reductase, but the reactive centre may contain iron instead.

5.4.4 Nitrous oxide reductase

The enzyme has been purified from several species (Berks et al., 1995a) and exists
as a homodimer with a monomer mass of 66-68 kDa. With the exception of the pro-
tein from Thiobacillus denitrificans (Hole et al., 1996), the enzyme is soluble and
located in the periplasm. The enzyme binds four copper atoms per monomer, with
two different types of copper sites present. A Cup centre is thought to mediate elec-

tron transfer between an external electron donor, probably cytochrome cs5¢ Or

azurin, and the Cuy centre, the site of nitrous oxide reduction.
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5.5 ROLE OF STRUCTURAL STUDIES
Structural studies on cytochrome cd, nitrite reductase from P. stutzeri JM300 will

contribute to the understanding of the structure and function of this class of heme
enzyme. The structures of two nitrite reductases have been determined, from T.
pantotropha (Fulop et al., 1995; Williams et al., 1997) and P. aeruginosa (Nurizzo
et al., 1997). These two homologous enzymes exhibit diversity in the nature of both
the c heme and dy heme ligands in the oxidized state, inconsistent with the hypoth-
esis that catalytic residues are conserved within an enzyme family. The P. stutzeri
enzyme clearly cannot share the same mode of cofactor binding as these enzymes,
since the N-terminal region on which some of these coordinating residues are
located is deleted. This N-terminal extension is also responsible for the majority of
the interdomain contacts between the ¢ heme and d; heme binding domains, so it
is uncertain as to the nature of the domain interactions for P. stutzeri nitrite reduct-
ase. Nitrite reductase undergoes an internal electron transfer step as part of its reac-
tion mechanism and hence examination of the ¢ heme to d; heme distances and
orientations would contribute to the general understanding of the nature of electron
transfer between heme groups.
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P. stutzeri Nitrite Reductase: Structure Determination

6.1 PURIFICATION OF NITRITE REDUCTASE
The purification of cytochrome cdy nitrite reductase from P. stutzeri was conducted

by Dr. B. Averill and his research group at the E. C. Slater Institute, University of
Amsterdam, using the method of Weeg-Aerssens (Weeg-Aerssens et al., 1991),
which in turn was a modification of the protocol established by Parr and co-workers
(Parr et al., 1976).

P. stutzericells were grown in soy broth containing 0.5% KNO3 and 0.2% NaHCO,
supplemented with small amounts of FeSO,4 and CuSOQOy,. A typical yield was 65g of
wet cells from 15 litres of culture. The cells were then lysed by ultrasonication and
the cell debris removed by centrifugation. Ammonium sulphate fractionation pro-
duced an initial crude protein preparation. Further purification was achieved by ion
exchange chromatography on a DEAE-cellulose column. Detection of the nitrite
reductase-containing fractions was by eye, due to the distinctive green colour of the
protein. Size exclusion chromatography utilizing a Sephacryl column, followed by
another ion exchange purification step resulted in nitrite reductase being eluted in
two fractions. The net yield of nitrite reductase was about 40mg from the 65g of cells.
The nitrite reductase is in the oxidised state in air (Weeg-Aerssens et al., 1991).

6.2 PROTEOLYTIC CLEAVAGE

Upon storage of nitrite reductase at 4°C over a period of two months it was observed
by SDS-PAGE that degradation of the enzyme had occurred (Figure 6.1). It has
been reported that the N-terminal cytochrome ¢ domain and C-terminal B-propeller
domain can be cleaved by subtilisin and other proteinases (Silvestrini et al., 1996),
and that once separated there is no detectable reassociation suggesting that the
short linker region is the only mechanism for holding the two domains together. The
intensities of the two bands were very similar (as measured by eye) and the
observed fragments were consistent with the larger band corresponding to the intact
enzyme (~60 kDa) and the smaller species (~48 kDa) being the C-terminal 3-propel-
ler domain. There was no evidence for the small ~12 kDa fragment; a fragment this
size could have been lost in the protein concentration step in which micro-centricon
concentrators with membranes of molecular weight cutoffs equal to 20 kDa or 30
kDa were used.
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Figure 6.1 SDS-PAGE gels of nitrite reductase samples.
left gel: two loadings of the nitrite reductase sample after prolonged storage.
right gel: lane 1. Molecular mass markers (kDa)
lane 2. Stored sample of NIR
lane 3. Fresh sample of NIR

lane 4. Molecular mass markers

In order to confirm that it was the full length molecule that had crystallized, N-termi-
nal amino acid sequences were obtained from nitrite reductase crystals from the
same crystallization experiments as those from which data was collected. The crys-
tals were removed from their drops and washed several times with aliquots of the
well reservoir solution to remove any uncrystallized protein. The crystals were then
dissolved and the six N-terminal residues of the protein were sequenced by the
Edman degradation reaction as run on the automated Applied Biosystems Model
476A protein sequencer. The signal for the first residue was noisy, but the remaining
five residues of the sequence unambiguously corresponded to that of the intact mol-
ecule (Ala)-Ala-Pro-Asp-Met-Thr. There was no trace of any minor species present.
| am most grateful to Ms J. Mudford (Massey University) for conducting the N-termi-
nal sequencing.

6.3 CRYSTALLIZATION

A wide range of crystallization trials were conducted using the hanging drop method
in an initial search to determine conditions suitable for crystal growth. These search
experiments utilized the Kingston polymer and salt factorial screens (Kingston
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et al.,, 1994), as well as the Jancarik and Kim screens (Jancarik and Kim, 1991).
Crystals of P. stutzeri nitrite reductase grew at 4°C from polymer solutions, typically
polyethylene glycol (PEG) or monomethyl-ether polyethylene glycol (MME-PEG) of
molecular weight 4000-8000 at a concentration between 12-20%(w/v), in the pH
range 6.5 to 8.5, with a protein concentration typically between 30 and 60 mg/ml (as
determined by UV/visible absorbance at 280nm). The olive green crystals of oxi-
dised nitrite reductase generally grew quickly, appearing after a period of between
two to seven days. The crystals grew either as needles, or larger plates with one
very thin dimension (Figure 6.2). One of the largest crystals grown had dimensions
0.1 by 0.2 by 0.6 mm. Interestingly, but unexplained at this stage, the nicest crystals
generally grew around the edges of the hanging drops.

Figure 6.2 P. stutzeri nitrite reductase crystal

The crystal has dimensions 0.09mm by 0.03mm by 0.5mm. The total magnification
is ~100x

The crystals were generally stable in the hanging drops, but when transferred to the
mother liquor well reservoir they showed signs of dissolving by cracking and frosting
after several days. The crystals were also prone to cracking and fragmentation when
they were manipulated for mounting.
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| am very grateful to Mrs. H. M. Baker and Dr. M. Paoli (Massey University) for con-
ducting the preliminary crystallization trials.

6.4 DATA COLLECTION
6.4.1 Room temperature data collection; Photon Factory
6.4.1.1 Data collection

The crystal from which this data set was collected was grown in hanging drop exper-
iments at 4°C, from 13%(w/v) MME-PEG at pH 7.2 (buffered by 0.2M MOPS), with
a protein concentration of 20 mg/ml. Data were collected at the BL-6A2 synchrotron
facility at the Photon Factory, Tsukuba, Japan by Prof. E. N. Baker, Dr S. A. Moore
and Dr. G. B. Jameson. A Weissenberg camera is coupled to the synchrotron beam-
line of wavelength 1.0 A for data collection on a Fuiji imaging plate (Sakabe, 1991).
Data were collected from a single crystal mounted inside a wax-sealed glass capil-
lary with a small amount of crystallization mother liquor to prevent crystal dehydra-
tion over the course of the data collection. Small angle oscillation photographs were
used to align the crystal with the needle axis parallel to the rotation axis. A total of
15 images were collected over a period of 68 minutes with an oscillation width of
12.5° and a coupling constant of 3.0°/mm. The crystal to film distance was set at
429.7 mm.

6.4.1.2 Data Processing

The auto-indexing algorithm implemented in DENZO (Otwinowski, 1993) was uti-
lised to determine the cell dimensions, yielding a lattice consistent with a monoclinic
space group, and the following unit cell dimensions:

a=80.6 A, b=84.6 A, ==105.9 A, 0=90.0°, B=98.7°, ¥=90.0°
Assuming two monomers in the asymmetric unit, the Matthews’ coefficient Vm is
3.0 A3Da™!, hence giving an estimated solvent content of the crystals of 59%
(Matthews, 1968).

Measurement of the profile-fitted intensities was conducted using DENZO. The esti-
mated mosaicity of the crystal was 0.4°. The measured intensities were scaled and
merged employing the algorithm of Fox and Holmes (Fox and Holmes, 1966) as
executed in SCALEPACK (Otwinowski, 1993). A total of 182 measurements were
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rejected. No postrefinement of cell dimensions or mosaicity was conducted owing to
the diffraction images being overlapped, meaning that no partial reflections could be
summed between frames. The Weissenberg geometry allows very wide oscillation
images to be used for data collection, resulting in the majority of reflections (90%)
being fully recorded. Data processing statistics are given in (Table 6.1). Structure
factor amplitudes were obtained from the measured intensities by the Bayesian sta-
tistical protocol of French and Wilson (French and Wilson, 1978), and put on to an
approximate absolute scale by calculation of a Wilson plot (Wilson, 1942) using
TRUNCATE from the CCP4 suite (Collaborative Computational Project, 1994). This
method forces all negative intensities to be positive and inflates the weakest data
which are likely to be underestimated. The Wilson estimation for the overall temper-

ature factor was 65 A2,

Table 6.1 Data processing statistics for NIR photon factory data set (NIR1)

NIR1 Data* (50-3.4 A)

Upper re‘z‘f\')“t'O” imit 35 581 508 461 428 403 383 366 352 340 Al

No. of measured
reflections

3672 3709 3742 3685 3712 3672 3696 3627 3643 3579 36767

No. of unique
reflections

Recorded reflections
with intensity > 26 (%)

1976 1946 1950 1937 1929 1899 1920 1882 1906 1865 19210

925 827 79.6 799 745 654 56.4 495 428 382 66.3

<I>/<o(l)> 148 82 81 77 69 563 39 30 25 22 6.4
Completeness (%) 98.7 99.1 98.6 986 99.2 99.2 982 97.7 973 964 983
Multiplicity 1.86 1.91 192 190 192 193 193 1.91 191 192 1.91
R-merge' (%) 37 95 104 96 115 146 205 26.4 320 359 123

#Rejected measurements are not included in the statistics
*R-merge =Zn Il [i(hkI)-(I(hkI) ) / Zt Zl Li(hkl) |

Examination of the intensities indicated that the Laue group was 2/m. It was not pos-
sible to distinguish between the space groups P24 or P2 as no 0kO reflections were

recorded owing to the b axis being aligned to the rotation spindle during data collec-
tion.

Owing to the data being collected on a Weissenberg camera the anisotropy of the

data was not immediately obvious from inspection of the diffraction images. The
anisotropy is clearly illustrated in comparing plots of 1/resolution against the loga-
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rithm of the mean native structure factor amplitudes (<F,,,>) for reflections of con-
stant h, k and / respectively. All reflections of constant h are binned, and the mean
intensity and mean 1/resolution calculated. This procedure is repeated for k and /
(Figure 6.3).

6
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5_
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Figure 6.3 Plot of the logarithm of the mean observed amplitude as a function
of resolution for reflections of constant h, k and /

This figure was prepared with DATAMAN (Kleywegt and Jones, 1996).

This plot clearly shows stronger intensities at high values of /, indicating the
increased order of the crystals in the c*direction. The behaviour of the h and k reflec-
tions is similar, though the A reflections are weaker. The relative fall off of the data
in the three directions, as illustrated by the three curves of this plot, contrast with
those calculated for the isotropic Gower || hemoglobin data set (Figure 3.4).

A native Patterson function was calculated to investigate any non-crystallographic

symmetry relationships. There were no non-origin peaks in the corresponding map,
indicating the absence of any purely translational non-crystallographic symmetry.
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6.4.1.3 Self-rotation function

The self-rotation function was calculated using the program GLRF (Tong and
Rossmann, 1990). The crystal lattice is orthogonalized such that the real-space b

axis is coincident with the cartesian y axis and a’is coincident with the x axis. The
self-rotation function was calculated using spherical polar angles, defined such that
¢ is the angle from the x axis and y is the angle from the z axis, with x being the
rotation about the axis defined by ¢ and y. The self-rotation function was calculated
in 3° steps from amplitudes within the resolution range 20.0-3.4 A, and with magni-
tude greater than 200 or 85, as the rotation function is dominated by the large terms
(Tollin and Rossmann, 1966). The top non-origin peak on the x=180 section of the
rotation function was at ¢=57 and y=96 (Table 6.2 and Figure 6.4). The position of
this peak indicates the presence of a non-crystallographic two-fold which can be
alternatively described as an axis 33° from the orientation of the crystallographic

dyad along b, and 11° from a’.

Table 6.2 Self-rotation function calculation k=180 section”

Spherical Polar Angles (°)

Peak Peak Height
No. o = = (o)
1 57.0 96.0 180 8.09
2 45.0 96.0 180 7.61
3 0.0 9.0 180 7.19
4 15.0 99.0 180 6.75

#Non-origin peaks shown only
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Figure 6.4 Stereographic projection of Photon Factory data set (NIR1) self-
rotation function k=180 section

The plot of the self-rotation function has been contoured in steps of0.5c starting at a value of 4c
above the mean value of the k=180 section.

6.4.2 Room temperature data collection; Massey University.

Further data sets were collected at Massey University using a Rigaku R-Axis |IC
image plate detector with CuKa. radiation of wavelength 1.54 A from a Rigaku RU-

200 rotating anode generator fitted with a 0.3mm pinhole collimator (Sato
et al., 1992).
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Several attempts were made to collect data from nitrite reductase crystals grown
from 9-20%(w/v) PEG 4000 or PEG 6000, and 0.3-0.5M sodium acetate buffered in
the pH range 6.0-6.5 (0.1M sodium cacodylate) at 4°C.

Initial X-ray experiments showed there to be a wide variability in the diffraction
images obtained from different crystals, both in terms of the resolution of the data,
and mosaicity of the crystals. It was not obvious from either the crystal morphology,
or crystallization conditions, which crystals would be most suited for collecting X-ray
data.

It was clear from these data collections that the crystals were damaged by the X-ray
beam, and/or from being removed from their mother liquor, over the course of a data
collection. One particular crystal initially exhibited Bragg reflections to a resolution
of 2.9 A, but after 20 hours of data collection the resolution had fallen off to 4.0 A,
with the overall data completeness at this stage only ~53%.

6.4.3 Cryogenic data collection; Massey University
6.4.3.1 Freezing protein crystals

Radiation damage of protein crystals is an inherent problem in X-ray data collection
experiments. The large number of oscillation images, with long exposure times,
needed to collect a complete data set results in the crystal being exposed in the X-
ray beam for a period of up to a few days. The X-radiation causes the formation of
reactive free radicals which, over time, cause the degradation of the ordered crystal
lattice. The overall effect of this is a loss of resolution and intensity in the diffraction

images.

Freezing crystals at liquid nitrogen temperatures (113K) for data collection has now
become an established technique enabling data to be collected from a single crystal
over longer periods of time. The freezing process inhibits radiation damage, and can
result in data sets with improved completeness and redundancy. The resolution limit
of the data can improve, both because the higher resolution reflections are not lost
over the course of the data collection, and because the ordering of the crystals can
improve in some cases. On the other hand, freezing crystals often causes changes
to the crystal cell axes, typically a shrinking of the cell, and can also increase the
crystal mosaicity. Variability of cell dimensions of frozen protein crystals causes
problems when attempting to collect isomorphous heavy atom derivatives. A com-
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prehensive overview of macromolecular cryocrystallographic theory and techniques
is given by Garman and Schneider (Garman and Schneider, 1997).

In order to collect a complete, and higher-resolution data set than had been
achieved using crystals kept at room temperature, attempts were made to freeze the
nitrite reductase crystals. In order to freeze protein crystals it is necessary to use a
cryoprotectant to minimize damage to the crystal lattice by ice formation. Solutions
of organic compounds used as cryoprotectants typically include various molecular
weight PEGs, ethanol, glycerol, MPD, ethylene glycol and some sugars. Various
concentrations of these compounds mixed with the crystal mother liquor are tested
as cryoprotectants; the solution must freeze as a glass and the crystals must remain
stable when transferred to the solution.

The radiation damage observed in earlier room temperature data collections sug-
gested that freezing the nitrite reductase crystals might enable the collection of a
more complete, (both overall, but particularly in the outer resolution shells) and
redundant data set. Various concentrations of PEGs, glycerol and MPD were tested
for suitability as cryoprotectants for the nitrite reductase crystals. Evaluation of the
cryoprotectants was complicated by the varied response of the crystals when placed
in the cryoprotectant solution. It was not uncommon for a crystal harvested from a
particular hanging drop to partially dissolve and crack when transferred to a certain
cryoprotectant, whereas another crystal from the same drop would freeze in a
manner suitable for data collection. Attempts were also made to add glycerol to the
crystallization conditions, initially in an attempt to improve crystal quality
(Sousa, 1995) but subsequently, in an effort to grow crystals in a mother liquor that
could be frozen more satisfactorily. Unfortunately adding glycerol had a deleterious
effect on crystal growth.

The optimal freezing conditions comprised the crystallization mother liquor buffer
and salt, 0.1M sodium cacodylate/HCI pH=6.0 and 0.4 or 0.45M sodium acetate,
with the PEG 4000 concentration increased to 17-20%(w/v) and glycerol added to a
concentration of 20-25%(v/v).

The procedure for freezing was to transfer the crystal from the hanging drop into a
drop of the cryoprotectant which had been placed on a glass or plastic coverslip. A
rayon loop of diameter typically 0.2-0.5mm, glued to a small metal base, was used
to scoop up the crystal, such that the crystal sat in the loop in a small film of cryo-
protectant. The loop was quickly transferred to the goniometer head situated on the
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R-Axis, into the path of a liquid nitrogen-cooled air stream generated by an Oxford
Cryosystem 611 (Cosier and Glazer, 1986). The cooling stream was blocked tem-
porarily as the loop was fitted and then quickly uncovered to flash-freeze the crystal.
The time the crystal spent in the cryoprotectant was kept to a minimum to reduce the
chances of the crystal cracking and dissolving.

A number of crystals were tested for data collection, with two frozen crystals being
ultimately utilised for data collection at Massey University using the R-Axis IIC. Ini-
tially, the measured intensities from each crystal were scaled and averaged inde-
pendently (Table 6.3 and Table 6.4), but later the intensities from both crystals were
scaled and merged together (Table 6.5).

6.4.3.2 Data collection: crystal 1 (NIRf3)

Crystal 1 was crystallized from 14%(w/v) PEG 4000 and 0.45M sodium acetate buff-
ered at pH 6.0 using 0.1M sodium cacodylate at a temperature of 4°C. The protein

concentration was 60 mg/ml, dissolved in 0.01M HEPES buffer at pH 6.8. Crystalli-
zation was achieved using the hanging drop method, with drops consisting of 2l
protein solution mixed with an equal volume of mother liquor on a siliconized glass
cover slip, suspended over a mother liquor reservoir well of 800ul volume.

Data were collected from 103 oscillation images of width 1.5°. The first three frames
were exposed for 50 minutes at a crystal-to-detector distance of 160 mm, with the
remaining frames being exposed for the same time period but at a distance of 130
mm owing to reflections being recorded to the outer limits of the detector at the
longer distance. The crystal exhibited severely anisotropic diffraction, with reflec-
tions present to a resolution of 2.4 A in the most ordered direction, but only present
to 2.9-3.0 A over the rest of space. The diffraction images exhibited a high crystal
mosaicity.

The cell dimensions obtained from DENZO were again consistent with a monoclinic
space group, but had shrunk slightly in comparison to the room temperature crys-
tals. These unit cell dimensions were:

a=75.6 A, b=82.3 A, c=102.8 A, 0=90.0°, B=94.4°, y=90.0°

Again assuming two monomers in the asymmetric unit, the Matthews’ coefficient Vm

is 2.7 A3Da™! giving an estimated solvent content of 54%.
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6.4.3.3 Data processing: crystal 1 (NIRf3)

The intensities of the recorded reflections were measured using DENZO and subse-
quently scaled and averaged in SCALEPACK. A total of 25 041 measurements were
rejected. This extremely high number of rejections is inflated as a consequence of
the severe anisotropy in the data. In order to measure the intensity of the few high
index reflections present in certain orientations it was necessary to integrateto a res-
olution of 2.6 A. The integration resolution limits are applied spherically, resulting in
the integration of large areas of diffraction space in which there are no observed
reflection; consequently these predicted reflections are rejected as outliers. This
effect is also revealed by examination of the completeness of the data as a function
of resolution (see Table 6.3). Postrefinement of cell dimensions, crystal orientation
parameters, and crystal mosaicity was conducted. The crystal mosaicity refined to a
value of 1.1°, a higher than typical value for protein crystals (Drenth, 1994). Struc-
ture factor amplitudes were obtained from the intensities by the protocol of French
and Wilson (French and Wilson, 1978), and put on to an approximately absolute
scale by calculation of a Wilson plot (Wilson, 1942) using TRUNCATE from the
CCP4 suite (Collaborative Computational Project, 1994). The estimated overall

temperature factor was 52 A2, though this method assumes that the diffraction is
isotropic, which is clearly not the case. The effective resolution of this data set was
considered to be 2.8 A on the basis of I/5(l) and completeness in the outermost res-
olution bins (Table 6.3).

Table 6.3 Data processing statistics for frozen crystal 1 R-Axis data set (NIRf3)

NIRf3 Data* (40-2.6 A)

rr lution limi
Bgge es(’z)“to imit oo 444 388 353 328 308 293 2.80 2.60 260 Al

No. of measured

reflbalions 11506 11240 10565 10271 9740 7912 4490 3053 795 611 70183

No. of unique

rEflestions 3812 3872 3841 3836 3799 3520 2580 1832 592 450 28134

Recorded reflections

with intensity > 26 (%) 962 912 819 691 561 403 325 31.7 269 253 64.8

<I>/<o(D)> 233 184 137 810 552 297 215 197 1.69 1.37 10.1
Completeness (%) 94.8 979 980 977 970 903 665 468 152 116 71.7
Multiplicity 30 29 28 27 26 22 17 17 13 14 25
R-merge’ (%) 50 66 84 131 175 267 254 285 268 282 89

#Rejected measurements are not included in the statistics
*R-merge =Zy Zjl Li(hkl)-(I(hkl) ) / Zyq Zl Li(hkl) |
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Examination of the intensities indicated that the Laue group was 2/m and that the
OkO reflections obeyed the condition OkO absent if k#2n, indicating that the crystals
belonged to the space group P24. A subset of the measured 0kO reflections are

listed in Table 6.6

6.4.3.4 Data collection: crystal 2 (NIRf4)

Crystal 2 (NIRf4) was crystallized from 16%(w/v) PEG 4000 and 0.45M sodium ace-
tate buffered at pH 6.0 by 0.1M sodium cacodylate at a temperature of 4°C. The pro-

tein concentration was 40 mg/ml dissolved in 0.01M HEPES buffer at pH 6.8.

Diffraction data were collected from eighty nine oscillation photographs of width 1.5°.
The images were exposed for 35 minutes each, with the crystal to detector distance
set at 120 mm. This second crystal (NIRf4) was essentially isomorphous with the
first (NIRf3), with cell dimensions of:

a=75.8 A, b=82.3 A, c=102.9 A, @=90.0°, B=94.4°, y=90.0°

6.4.3.5 Data processing: crystal 2 (NIRf4)

The measured diffraction intensities were treated in the manner described above for
crystal 1 (Section 6.4.3.3), except that the data were integrated to an outer resolu-
tion of 2.8 A. The estimate for the overall temperature factor calculated from the

Wilson plot was 60 A2. Data processing statistics are given in Table 6.4.

120



Chapter 6 P. stutzeri Nitrite Reductase: Structure Determination

Table 6.4 Data processing statistics for frozen crystal 2 R-Axis data set (NIRf4)

NIRf4 Data® (50-2.8 A)

Upper resolution limit
(A)

No. of measured
reflections

6.03 4.79 4.18 3.80 353 3.32 3.15 3.02 290 2.80 Al

8466 8501 8322 7688 7462 7103 6481 5502 4478 3396 67399

No. of unique

. 2983 3001 3024 2999 3044 2994 2928 2663 2296 1800 27732
reflections

Recorded reflections

o . oy 96.1 924 878 784 715 624 469 389 322 336 66.9
with intensity > 26 (%)

<I>/<o(l)> 232 19.0 16.8 11.5 7.83 6.02 365 267 2.42 2.08 10.1
Completeness (%) 91.9 946 955 958 964 96.1 932 848 73.1 583 88.0
Multiplicity 28 28 28 26 25 24 22 21 20 19 24
R-merge” (%) 38 9.2 10.8 10.8 11.7 142 188 229 287 332 9.4

#Rejected measurements are not included in the statistics
*R-merge =y Zjl Ij(hkl)<(I(hkl) )l / Zpy Sl 1(NkI) |

To obtain a more complete data set, with a higher redundancy, the two sets of inten-
sities were combined for scaling and averaging in the manner described previously
(Section 6.4.3.3). A total of 137 582 reflections were combined, yielding a data set
(NIRc) with an overall multiplicity of 4.2 (for data in the range 50-2.8 A). A summary
of the processing statistics is given in Table 6.5. The overall temperature factor as

estimated from a Wilson plot was 70 A2, a value higher than that calculated for the
individual data sets. This may be due to slight non-isomorphism between the two
crystals, with the post-refined cell dimensions differing by 0.2 A along a, and 0.1 A
along c, though a recent treatment of this problem suggests that systematic differ-
ences between crystals are generally small in comparison to random errors and that
multiple crystal data sets with increased multiplicity will result in more accurate
reduced structure factors (Diederichs and Karplus, 1997).
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Table 6.5 Data processing statistics for the combined frozen R-Axis data sets
(NIRc)

NIRc Data* (50-2.6 A)

Upper resolution limit
(A)
No. of unique
reflections

560 4.44 3.88 353 3.28 3.08 293 280 2.69 2.60 Al

4017 3954 3916 3923 3905 3753 3274 2584 623 453 30402

Recorded reflections

S ) 970 933 86.3 776 67.3 495 392 23.0 26.3 249 912
with intensity > 26 (%)

<I>/<o(l)> 31.2 26.7 203 122 844 444 2094 248 1.67 136 144
Completeness (%) 99.9 100.0 99.9 999 99.7 96.2 84.4 66.0 159 11.7 775
R-merge” (%) 59 75 97 146 19.5 29.1 33.0 34.0 29.0 284 10.2

#Rejected measurements are not included in the statistics
‘H-merge =th| EJ| ll(hkl)'<l(hk|) )Vzhm ZJI Il(hk|) I

A subset of the measured 0kO reflections is listed in Table 6.6.

Table 6.6 Subset of 0kO intensities for data set NIRc

h k / Intensity Sigma I/Sigma
0 3 0 1.7 4.6 0.4
0 4 0 28891 1155 25
0 5 0 4.7 o/ 0.8
0 6 0 8092.7 376.0 21.5
0 7 0 -2.6 8.0 -0.3
0 8 0 1942 77.0 25.2
0 20 0 2206.0 82.6 26.7
0 21 0 -28.4 32.2 -0.9
0 22 0 897.2 59.5 151
0 23 0 23.3 52.8 0.4
0 24 0 166.3 33.2 5.0
0 25 0 48.4 29.8 1.6
0 26 0 86.1 39.1 2.2

6.4.3.6 Self-rotation function: combined frozen data sets.

A self-rotation function was calculated with GLRF, using the conventions described
previously (Section 6.4.1.3). Data in the resolution range 10 to 3.5 A, with intensities
of greater than 4c, or with magnitude greater than 100.0 were used. The results of
the calculation are listed in Table 6.7 and represented as Figure 6.5. The top non-
origin peak on the k=180 section was at $=60 and y=90, indicating the presence of
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an NCS dyad axis perpendicular to z and 30° from y (which is aligned with the b
axis). This represents a small shift from that found for the room temperature data set.

15w

%000 2

103,

Figure 6.5 Stereographic projection of combined frozen data sets (NIRc) self-
rotation function k=180 section.

The plot of the self-rotation function has been contoured in steps of 0.5c, starting at a value of 1.5¢
above the mean value of the k=180 section.
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Table 6.7 Self-rotation function calculation x=180 section”

Spherical Polar Angles (°)

Peak Peak Height
No. 0 v « (o)
1 60.0 90.0 180 462
2 48.0 93.0 180 414
3 0.0 93.0 180 4.10
4 12.0 93.0 180 4.04

*Non origin peaks shown only

Calculation of the self-rotation function (as above) for values of x from 0 to 180
reveals the presence of a large peak at =0, y=0 and k=60, indicating the presence
of a 60° rotation about the z axis. This NCS operation is consistent with an NCS two-
fold oriented 30° from the b axis lying in the ab plane. The presence of a non-crys-
tallographic symmetry axis in a non-general orientation is not uncommon for
monoclinic space groups (Wang and Janin, 1993). This peak was the only feature
on the k=60 section.
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Figure 6.6 Stereographic projection of combined frozen data sets (NIRc) self-
rotation function k=60 section.

The plot of the self-rotation function has been contoured in steps of 0.5c, starting at a value of 1.5¢
above the mean value of the k=60 section.

6.4.3.7 Anisotropy in the frozen crystal data sets

From examination of the oscillation images it was clear that the diffraction from the
frozen nitrite reductase crystals was appreciably anisotropic (Figure 6.7). Anisotro-
pic diffraction is a function of the packing inside the crystal lattice. If crystal contacts
are sparse in one direction this can result in disorder of the lattice in that orientation,
hence causing a decrease in the resolution of the diffracted data that is uneven over
reciprocal space. This effect is not uncommon for protein crystals. Some examples
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are described in the introduction to the Sheriff and Hendrickson treatment of aniso-
tropic diffraction from protein crystals (Sheriff and Hendrickson, 1987), as well as in
more recent publications (Garcia etal., 1998, Tesmer et al.,, 1997, Garboczi
et al., 1996, Lu et al., 1995). Examination of the reduced structure factor amplitudes
from the frozen nitrite reductase crystals revealed that a* was the most disordered
direction with the absence of any reflections with high A indices, whereas c* was the
most well ordered direction, with b* intermediate.

Figure 6.7 Representation of the h0l section of the frozen nitrite reductase
reciprocal lattice

This figure was prepared with HKLVIEW (Collaborative Computational
Project, 1994)
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The anisotropy of the data is clearly illustrated by plots of 1/resolution against the
logarithm of the mean native structure factor amplitudes for reflections of constant

h, k and I respectively (Figure 6.8).
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Figure 6.8 Plot of the logarithm of the mean observed amplitude as a function
of resolution for reflections of constant h, k and /

This figure was prepared with DATAMAN (Kleywegt and Jones, 1996).

This plot clearly shows the stronger intensities with index /, indicating the increased
order of the crystals in the ¢* direction. The behaviour of the h and k reflections is
similar, though the Areflections are weaker. Similar results are apparent for the room
temperature data (Section 6.4.1.2), indicating that freezing the crystals did not alter
the anisotropy of the data, though the mosaicity did increase.

6.5 MOLECULAR REPLACEMENT

Owing to the availability of an appropriate search model, the molecular replacement
method was used to solve the structure of P. stutzeri nitrite reductase.
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6.5.1 The search model

An initial search model (model1) was prepared using the coordinates of cytochrome
cdj nitrite reductase from Thiosphaera pantotropha, refined at high resolution (Fulop

etal., 1995). The model used was a monomer comprising both the ¢ heme (N-ter-
minal) and d; heme-binding (C-terminal) domains as well as the heme groups them-

selves. All water molecules were removed and the temperature factors were set to

50.0 A2, A more sophisticated treatment of the model B-factors, that has not been
explored further, might have been to scale the temperature factors so that the aver-

age B-factor was 50.0 A? rather than setting them all to the one value. From exam-
ination of the refined model and alignments of the T. pantotropha and P. stutzeri
sequences, it was possible to estimate where any insertions and deletions between
the two polypeptides occurred. Any insertions in the known structure were removed
from the model, along with the surrounding residues, with the number omitted
dependant on the level of sequence identity in that region. Side-chain substitutions
between the two sequences were treated in the following manner: aspartate/aspar-
agine, glutamate/glutamine and valine/threonine substitutions were considered to
be identical and left unchanged. Some side-chains in the T. pantotropha nitrite
reductase structure were truncated to match the P. stutzeri sequence, where they
retained similar chemical properties, i.e. tyrosine — phenylalanine, isoleucine —
valine, threonine — serine, arginine — lysine and alanine — glycine. All other amino
acid positions with side-chain substitutions were truncated to alanine, with the
exception of glycine which were left unaltered.

A second model (model 2) was built in the same manner as described above from
the coordinates of P. aeruginosa nitrite reductase, refined at 2.8 A (now refined at

2.2 A Nurizzo et al., 1997).

A third model (model 3) was prepared from the T. pantotropha nitrite reductase coor-
dinates in an identical manner to the first, except that the N-terminal c heme-binding
domain and ¢ heme were omitted.

6.5.2 Rotation and translation functions

Reciprocal space rotation and translation functions were calculated using AMORE
(Navaza, 1994) as implemented in the CCP4 suite. These functions were calculated
using reflections between 8 and 4 A resolution, from the frozen data set (NIRf3). For
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the rotation function calculation the outer Patterson integration radius was 30.0 A,
with no inner cut-off. The results of the rotation function are given in Table 6.8.

Table 6.8 Model 1 rotation function solutions

Eulerian angles (°) Peak Height
a § Y (o)
76.5 46.09 221.12 17.8
15.26 42.77 225.26 14.4
307.19 77.39 239.03 8.3
177.80 129.33 237.22 7.7
335.0 80.89 241.37 7.7

Eulerian angles (o, B, v) are defined such that a is a rotation of the coordinate system about z, B is a
rotation about the new y axis, and v is a rotation about the new z direction. The output angles are those
required to orient the model after it has had its centre of mass placed at the origin and been aligned by
its principal axes of inertia to the cell axes.

Two clear peaks above the noise level could be resolved in the rotation function.
These two solutions were separated by an approximately 60° rotation, which is con-
sistent with the orientation of the NCS dyad as observed in the self-rotation function
(Section 6.4.3.6). The top rotation function solutions were then used to orient the
model and calculate the translation function to position the first monomer. The top
two translation function solutions are listed in Table 6.9 for each of the three highest
rotation solutions.

Table 6.9 P2, model 1 translation function solutions: first molecule

Rotation Function Solutions Translation Function Solutions .
Correlation
(Eulerian angles) (°) (Fractional Coordinates) . R-factor
Coefficient
a B Y X y
76.5 46.09 221.12 0.3125 0 0.0648 0.258 0.552
76.5 46.09 221.12 0.2750 0 0.1759 0.218 0.563
15.26 42.77 225.26 0.1375 0 0.3704 0.200 0.568
15.26 4277 225.26 0.3875 0 0.1667 0.188 0.578
307.19 77.39 239.03 0.2125 0 0.2315 0.140 0.586
307.19 77.39 239.03 0.0500 0 0.1944 0.137 0.589

The top solution from the translation function was fixed in the asymmetric unit, and
a search conducted for the position of the second molecule. The results of this cal-
culation are listed in Table 6.10.
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Table 6.10 P24 model 1 translation function solutions: second molecule

Rotation Function Solutions Translation Function Solutions )

Correlation
(Eulerian angles) (°) (Fractional Coordinates) . R-factor
Coefficient
o B Y X y z

15.26 42.77 225.26 0.6340 0.5321 0.3717 0.346 0.524

15.26 42.77 225.26 0.5602 0.5595 0.8890 0.240 0.563

307.19 77.39 239.03 0.5540 0.2351 0.7071 0.227 0.566

307.19 77.39 239.03 0.4441 0.1133 0.0732 0.221 0.566

The search model was oriented and positioned by the two molecular replacement
solutions and subjected to fifteen cycles of rigid-body fitting in AMORE, resulting in
a model for the nitrite reductase dimer with a correlation coefficient of 0.468 and an
R-factor of 0.499 (for data in the range 8.0 -4.0 A).

Using the P. aeruginosa nitrite reductase monomer (model 2) coordinates as a
search model yielded the same molecular replacement solution (results not shown),

but with a lower correlation coefficient (0.429) and higher R-factor (0.509).

The translation function calculations were also carried out for the space group P2,
with the results for placement of the second monomer given in Table 6.11.

Table 6.11 Model 1 P2 translation function solutions second molecule

Rotation Function Solutions Translation Function Solutions L

Correlation
(Eulerian angles) (°) (Fractional Coordinates) o R-factor
Coefficient
a B Y X y

15.26 42.77 225.26 0.5051 0.0265 0.4243 0.269 0.549

15.26 42.77 225.26 0.3891 0.1809 0.9207 0.233 0.565

307.19 77.39 239.03 0.4522 0.0306 0.6840 0.215 0.567

307.19 77.39 239.03 0.4819 0.7728 0.0351 0.211 0.573

Fifteen cycles of rigid-body fitting in AMORE resulted in the best P2 solution having
a correlation coefficient of 0.379 and an R-factor of 0.534 (fordata 8.0-4.0 A). These
results were consistent with the systematic absences seen for the 0kO reflections,
and confirmed that the space group was P2;.
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6.5.3 Validation of the molecular replacement solution

This solution was considered correct for several reasons. The correlation coefficient
and R-factor values are in the region normally found for reasonable molecular
replacement solutions, and more importantly there is good discrimination of the solu-
tion above the noise peaks. The orientation of the two molecules placed in the asym-
metric unit is consistent with the information contained in the self-rotation function.
Using a monomer as the search model meant that no prior assumptions of how the
nitrite reductase dimer was formed were imposed on the molecular replacement cal-
culations. The two independently placed monomers from the molecular replacement
solution resulted in the formation of a dimer that was essentially identical to that
found for P. aeruginosa and T. pantotropha nitrite reductases. When the crystallo-
graphic symmetry is applied to the asymmetric unit the molecules pack to form a
sensible lattice, with no steric clashes (Figure 7.15).

Rigid-body refinement of the solution was conducted in TNT (Tronrud et al., 1987)
with data of resolution 20-2.8 A, initially refining with the four domains as rigid units
and finally with the molecule divided into fragments where the chain breaks fell nat-
urally in the model. The free R-factor dropped from 0.542 to 0.524 with a corre-
sponding decrease in the conventional R-factor (0.538 to 0.525). From inspection of
SIGMAA-weighted (Read, 1986) electron density maps calculated from the model it
was immediately apparent that while the C-terminal B-propeller domains were cor-
rectly placed, both the N-terminal domains of the dimer appeared to be in the wrong
orientation and/or position in the cell.

The molecular replacement calculations were repeated using the same parameters
as described previously, but with search model 3, in order to more accurately deter-
mine the position of the C-terminal domains. The same molecular replacement solu-
tions were obtained, but with an improved signal-to-noise ratio. The correlation
coefficient (cc) and R-factor (R) after placing the second molecule were 0.417 and
0.499. Rigid-body fitting improved the model further (cc=0.525 and R=0.478).

Rigid-body refinement in TNT following the same protocol as for the whole monomer
resulted in the free R-factor decreasing to 0.455 with a conventional R-factor of
0.431. The omission of the two N-terminal domains from the search model thus
resulted in a drop of 7% in the free R-value after rigid-body refinement.
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This model was then used to calculate an initial phase set and provide a starting
point for the location of the N-terminal domains and refinement of the structure.

6.6 LOCATION OF THE N-TERMINAL DOMAINS

6.6.1 Modelling by homology

From the molecular replacement calculations it was clear that the N-terminal
domains could not be located in a similar orientation and/or position to that found for
the P. aeruginosa and T. pantotropha nitrite reductases. Attempts were made to
place just the cheme group and the strictly conserved heme-binding motif (residues
21-35 for the P. stutzeri nitrite reductase sequence) in a position corresponding to
that in the other two enzymes. Inspection of electron density maps calculated from
the coordinates of the B-propeller domain and these fragments indicated that the
position of this core part of the N-terminal domain structure was not conserved. From
the initial maps phased with the B-propeller domain coordinates, little density could
be seen that could indicate the position of the N-terminal domain (Figure 6.9).

Figure 6.9 Stereo view of the electron density in the region of the N-terminal
domain phased from the molecular replacement solution.

The coordinates of the current ¢ heme group are overlaid on the map. The 2mlF| -
DIFJd map is contoured at 1 sigma. This figure was prepared with TURBO-FRODO
(Roussel and Cambillau, 1991).
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6.6.2 Anomalous signal

Attempts were made to utilize the anomalous scattering of the iron atoms in order to
position the c hemes. The frozen and room temperature data sets were reprocessed

without merging of Friedel pairs. Examination of the SCALEPACK x? value, which
in this case represents the weighted ratio of the difference of the anomalous pairs,

indicated that there was no detectable anomalous signal. Calculation of IF*I-IF]
maps with phases computed from the B-propeller domains with the d; heme iron

omitted yielded no information about the position of the c heme iron. In addition there
was no peak present for the dy heme iron which was known to be correctly posi-

tioned, confirming that there was no useful anomalous signal in either data set.

6.6.3 Molecular replacement methods

Owing to the unusual ligands for the ¢ heme in the T. pantotropha nitrite reductase
structure and the greater sequence identity between the N-terminal domains of the
P. stutzeriand P. aeruginosa nitrite reductases (section 5.3.4 on page 99), a single
N-terminal domain from the latter enzyme was used as a search model. A monomer
was used, as it could not be safely assumed that the NCS relationship of the two N-
terminal domains would necessarily correspond to that of the B-propeller domains.
Two search models were utilised; (i) the whole N-terminal domain and ¢ heme with
the large N-terminal insertion removed and side-chains modified in the manner
described for the B-propeller domain models, and (ii) just the conserved ¢ heme-
binding motif (15 residues) and c heme. Rotation functions were calculated using the
programs AMORE (Navaza, 1994) and X-PLOR (Brunger, 1990), however no solu-
tion was apparent. Translation functions were calculated with the top rotation solu-
tion peaks and yielded no discernible position for the search model. The failure of
these molecular replacement calculations was not surprising considering that one N-
terminal domain (99 residues) comprises less than 10% of the total scattering of the
asymmetric unit.

A more promising approach appeared to be the method of Zhang and Matthews
(Zhang and Matthews, 1994), in which information from an already determined part
of the structure is utilised to help orient and position the unknown part. In the rotation
function calculation the Patterson function of the known fragment is ‘subtracted’ from
the native Patterson and thus the remaining observations now more closely resem-
ble the remaining part of the structure. This procedure eliminates peaks that are not
relevant to the required solution. This method can only be carried out in Patterson
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space and requires an accurate scale factor between the observed intensities (/,)
and those calculated from the partial known model (1,). The scale factor (k) is esti-

mated from Wilson statistics and knowledge of the fraction (f) of the asymmetric unit
that the partial structure comprises that is to be subtracted.

k=fy1,(h) /D 1,(h) Eq. 6.1
h h

The modified correlation form of the rotation function, including the subtracted com-
ponent, becomes:

C(R) = ((P,-kP,)IRP)X [{(P,—kP)|(P,~kP)}PP)1 """  Eqez

where P, is the Patterson function calculated from the known model fragment and
P, is calculated from the search model. Rotation functions of this form were calcu-

lated using the N-terminal domain search models described above, and the correctly
positioned C-terminal B-propeller domains, after limited rebuilding and refinement,
as the known structural fragment. However no discemible solution for the orientation
of the N-terminal domain was found. Translation functions that incorporate known
structural information in an additive manner were calculated using the top rotation
solution peaks, but gave no indication of the position of the N-terminal domain in the
cell. The failure of this method is probably due to the difficulty in determining an
appropriate scale for the native data and those calculated from the known fragment.
The moderate resolution of the data results in Wilson statistics being barely justified.
This factor, coupled with the anisotropy present in the data, results in an inadequate
scaling function and hence a poor estimate of the Patterson function calculated from
the known partial structure that is to be subtracted. The problems in determining the
orientation of the N-terminal domain were compounded by the apparent disorder
that was later found to be displayed by this part of the structure.

An alternative approach that allows the incorporation of known structural information
into molecular replacement calculations is that of Fujinaga and Read, as imple-
mented in the program BRUTE (Fujinaga and Read, 1987). A linear correlation coef-
ficient is used to determine the position of a correctly oriented molecule or fragment
within the cell. The orientation of the model can be adjusted during the translation
search, though only to a small degree, otherwise the resulting six dimensional
search becomes computationally unfeasible. This method does allow for the inclu-
sion of a known partial model which is fixed in the cell, and its contribution to the cal-
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culated structure factors is added to those of the moving search model. The initial
orientation and position of the N-terminal search models (as described above) was
assumed to be the same as found for the T. pantotropha and P. aeruginosa nitrite
reductases. This procedure tested whether a small rigid-body shift of the N-terminal
domain had occurred within the P. stutzerimonomer. The search model was rotated
about its initial position by £11.5° in 3° steps around each of the three axis, while
being translated by +4 A, in 1 A steps, in the x, y and z cartesian directions. Even
this limited search took a prohibitive amount of computer time. No orientation and
position for the shifted search model gave a discernible solution. These calculations
appeared to confirm what was evident from the electron density maps phased just
from the B-propeller domains, that the N-terminal domain of the P. stutzeri nitrite
reductase had undergone a rigid-body shift relative to the B-propeller domain, com-
pared to the homologous enzymes from T. pantotropha and P. aeruginosa, in addi-
tion to any tertiary conformational changes.

6.6.4 Bootstrapping and dummy atom procedures

Having been unable to place a fragment of the N-terminal domain by homology with
the other nitrite reductases, the remaining option was to build into what features
could be perceived in the electron density maps. These efforts were conducted on
maps that were slowly improving due to continuing refinement and rebuilding of the
B-propeller domains. From the sparse features in the maps in the region of the N-
terminus of one of the monomers, it was clear that a significant rigid-body movement
of the N-terminal domains had occurred. In order to facilitate the rapid building into
these poor maps a dummy atom procedure, utilised with some success previously
by Dr. R. Kingston (Kingston, 1996), was employed. Dummy atoms were built into
the maps at the estimated positions of the Co atoms for one of the N-terminal
domains. Because no stereochemical or directional information about the protein
chain were required for this building the procedure is a very fast process. Maps were
calculated employing the globic scattering factors proposed by Guo et al (Guo
et al., 1995) for these dummy atoms. These scattering factors were incorporated
into TNT for computation of the Fourier maps and limited refinement. During refine-
ment, non-contact restraints were the only stereochemical information enforced on
the dummy atoms. This protocol was extremely useful for quickly establishing the
connectivity of isolated density features in the maps. However the phase error from
these scattering factors is 80° at 3.0 A, resulting in the maps taking on a very glob-
ular nature in these regions, obscuring any information in the maps about the posi-
tion of the peptide carbonyls or amino acid side-chains. The dummy atoms that
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remained in connected density were then replaced with a polyalanine model. How-
ever, after several rounds of iterative rebuilding and refinement, little new informa-
tion was apparent in the new maps that could indicate where the remainder of the
structure was located, or what adjustments were required to improve the partial
model present. For example, it was not possible to determine the position of the ¢
heme group from the maps at this stage. This led to this particular approach being
abandoned at this stage, with the model having an R-factor of 0.330 and a free R-
factor of 0.387 (with an anisotropic correction applied, see Section 6.7.5). In hind-
sight (see Figure 6.10) it is clear that substantial errors had been incorporated into
the model, and with no independent phase information and a native data set of ques-
tionable quality it would have been difficult to proceed from this point using the meth-
ods discussed above.

Figure 6.10 Stereo view of a Ca superposition of the initial manually built N-
terminal polyalanine model (dark lines) and the current frozen NIR
N-terminal model (light lines).

The figure was prepared with TURBO-FRODO (Roussel and Cambillau, 1991).

6.6.5 Molecular replacement with the room temperature Photon Factory data

Owing to the difficulties encountered in model building into the maps calculated from
the frozen data sets the molecular replacement solution was recalculated in the
room temperature (RT) cell with the Photon Factory data (NIR1). The search model
used was the refined B-propeller dimer. The rotation function was computed with a
Patterson integration radius of 30 A, and data of resolution range 8.0-4.0 A were
used in both the AMORE rotation and translation function calculations. The results
of the rotation and translation function calculations are given in Table 6.12 and

Table 6.13.
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Table 6.12 Room temperature (NIR1) rotation function solutions

Eulerian angles (°) Peak Height
a B ] (o)
301.6 90.0 189.2 47.3
301.6 90.0 9.1 471

Eulerian angles (o, B, y) are defined such that « is a rotation of the coordinate system about z, B is a
rotation about the new y axis, and y is a rotation about the new z direction. The output angles are those
required to orient the model after it has had its centre of mass placed at the origin and been aligned by
its principle axes of inertia to the cell axes.

The two solutions for the dimer are clearly related by the NCS two-fold. No other

peaks with heights of greater than 14c were present in the rotation function.

Table 6.13 Room temperature (NIR1) translation function solution

Rotation Function Solution Translation Function Solution )
Correlation
(Eulerian angles) (°) (Fractional Coordinates) o R-factor
Coefficient
a B Y X y
301.6 90.0 189.2 0.3452 0 0.3571 0.638 0.391

There were no other peaks of height greater than 20% of the value of this top peak.
Rigid-body fitting gave a final solution with a correlation coefficient of 0.76 and an R-
factor of 0.36 for data in the resolution range 8.0-4.0 A. These calculations gave a
position and orientation for the dimer that was slightly shifted, owing to the change
in cell dimensions, when compared to the frozen cell (for a description of the crystal

packing of the two cells see Section 7.7.1).

From SIGMAA-weighted (Read, 1986) electron density maps calculated with
phases from this molecular replacement solution, density for one of the ¢ heme
groups could be unambiguously assigned. It was also possible to determine the
position of the axial histidine ligand and the covalently-linked cysteine residues
(Figure 6.11). The ¢ heme and its strictly conserved binding motif from P. aerugi-
nosa nitrite reductase were built into the density. When the entire N-terminal domain
from the P. aeruginosa enzyme (with side-chains truncated at substitution sites, see
Section 6.5.1) was superimposed on to the ¢ heme-binding fragment, secondary
structure elements could be placed into density (Figure 6.12) and the N-terminus of
the B-propeller domain and the C-terminus of the ¢ heme-binding domain were in
close proximity, confirming that the ¢ heme and its ligands were correctly oriented.
Compared to the P. aeruginosa and T. pantotropha nitrite reductases the N-terminal
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domain of P. stutzeri had undergone an approximately 80° rotation about the linker
region relative to the B-propeller domain.

Figure 6.11 Electron density forthe c heme after molecular replacement in
the room temperature data set.

The 2mliF,l - DIF| map is contoured at 15, with phases calculated from the room
temperature B-propeller dimer molecular replacement solution. The current RT
model is overlaid. The figure was prepared with TURBO-FRODO (Roussel and
Cambillau, 1991).

Figure 6.12 Electron density for the N-terminal helix of the ¢ heme-binding
domain

The 2miF | - DIF | map is contoured at0.8a, with phases calculated from the room
temperature B-propeller dimer molecular replacement solution. The current model
is overlaid. The figure was prepared with TURBO-FRODO (Roussel and
Cambillau, 1991).
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6.6.6 Locating the N-terminal domain of the frozen cell -Revisited

The orientation and position of the N-terminal domain in the room temperature (RT)
cell was used to help interpret the electron density maps for the higher-resolution
frozen data set. The coordinates of the RT monomer B (N-terminal and C-terminal
domains) were superimposed on to the monomer B frozen lattice B-propeller
domain. The structure of the RT N-terminal domain was used as an aid in interpret-
ing the frozen lattice electron density maps, phased from the B-propeller domains
only. The partial, manually-built (Section 6.6.4), frozen N-terminal domain was
excluded from the phase calculation to avoid biasing the maps. It transpired than an
~22° rotation was required to rotate the RT N-terminal coordinates into the electron
density of the frozen lattice. Hence, based on the B-propeller domain, the N-terminal
domain of monomer B had undergone a 22° rotation upon freezing.

This orientation was confirmed by ESSENS (Kleywegt and Jones, 1997), a program
that detects structural features in electron density maps. In this algorithm the frag-
ment to be found is rotated and translated within a specified region of the unit cell
and the fit to an electron density map calculated. The molecular replacement P. aer-
uginosa N-terminal domain search model, (model (i) as described in Section 6.6.3),
was used as the structural fragment for the search. The fit of this model was calcu-
lated to a region of SIGMAA-weighted 2mlF,| - DIF | electron density map that had
been masked (with a suitable safety margin) in the region of the room temperature
N-terminal domain coordinates. The search was conducted on a grid of 1 A spacing
with the search model rotated in 10° steps. The results of this calculation yielded an
unambiguous position and orientation for the N-terminal domain that was consistent
with that found by visual map inspection. The solution found had a peak 10.8c above
the average correlation value (next highest peak 2.1 above average). The orienta-
tion was further refined by searching around this highest peak in 2° steps, yielding a
final solution of peak height 7.2 (next highest 1.0c6). Maps calculated from the
model including the newly positioned N-terminal domain showed the electron den-
sity around this domain to be weak, but consistent with it being correctly positioned.

From inspection of the frozen-crystal lattice symmetry it was clear that the second
N-terminal domain (for monomer A) could not be positioned in such a way that it was
related by the same NCS operator defined by the two B-propeller domains of the
dimer. Rotating the newly positioned monomer B N-terminal domain by this two-fold
rotation axis resulted in its NCS equivalent being involved in steric clashes with a
crystallographically related symmetry equivalent B-propeller domain. The second N-
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terminal domain (from monomer A) was found by (i) rotating about the B-propeller
domain NCS two-fold into this sterically disallowed position, and (ii) then rotating fur-
ther until the heme iron was positioned in the largest peak (in excess of 40) in the
difference density (mlF,l - DIFl) map. During this second step the C-terminus of the

¢ heme-binding domain was kept close to the N-terminus of the B-propeller domain.
This gave a solution for the second N-terminal domain (A) that packed well in the
lattice, and was consistent with the features of both the miIF | - DIF, and 2mIF,| -

DIF .l maps phased from the other three domains of the asymmetric unit. ESSENS

was also used to search for the position of this domain in a similar manner to that
described previously for the first N-terminal domain (B). The top peak was consistent
with the orientation found by manual rigid-body rotation, though the discrimination of
this peak from the noise level was not so great as that of the first N-terminal domain
(B). The top peak was 5.1c above the average value with the next highest peak 1.5¢
above the average. This orientation represented a 36° rotation from the orientation
of N-terminal domain (B), relative to the B-propeller domain. Over the course of the
refinement, density for many of the side-chains have appeared and these have been
modelled. Omit maps have also been calculated at various stages of the rebuilding
and refinement process to check that the subunit has been correctly placed. Though
the density is weak and the temperature factors are high, the procedures listed
above indicate that the second N-terminal domain (A) is correctly positioned. The
free R-factor was monitored as the fragments of the N-terminal domains were
included and refined. Cross-validation statistics for the inclusion of the two N-termi-
nal domains in the frozen model, and the single domain in the room temperature
model are listed below (Table 6.14).

Table 6.14 Validation statistics for inclusion of the N-terminal domains for the fro-
zen and room temperature NIR models

Model N-terminal domain Free R R
A and B 0.313 0.279
A 0.319 0.286
Frozen
B 0.322 0.294
Neither 0.323 0.300
A 0.295 0.239

Room temperature
None 0.308 0.270

The free R-factor does decrease on inclusion of the N-terminal domains as
described above, though in some instances the decrease is not very much. It is inter-
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esting to note that the difference between the free R-factor and the conventional R-
factor is slightly greater if the N-terminal domains are present, though this may
reflect the fact that these statistics were calculated from models that had been
refined with the N-terminal domains included.

Figure 6.13 Stereo view of the electron density for the NIR ¢ heme pocket

The map is calculated from a recent set of refined room temperature NIR coordi-
nates. The 2mlF,| - DIF map is contoured at 0.8c. This figure was prepared with
TURBO-FRODO (Roussel and Cambillau, 1991).

The second N-terminal domain (A) has not been modelled in the room temperature
cell. Density is present in the area in which the corresponding domain is found in the
frozen cell, but no large peak for the iron atom position is apparent. The best course
is probably that this domain should be built by building smaller fragments, e.g. sec-
ondary structure elements and amino acid residues, rather than placing the major
part of the whole domain, in order to confirm that the orientation found for the corre-
sponding domain in the frozen lattice is indeed correct.
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6.7 REFINEMENT OF THE NITRITE REDUCTASE STRUCTURE

6.7.1 Overview of the nitrite reductase refinement

Refinement of the partial nitrite reductase model was initiated once the -propeller
domains had been placed in the cell by molecular replacement. Refinement and
building of this model was conducted at the same time as the various procedures
used to locate the N-terminal domains that have been described previously. It was
hoped that improvements in the phases, resulting from corrections to the partial
model from refinement and model building, would provide more information in the
electron density maps and aid in the location of the missing parts of the structure.
Refinement of a partial structure can be problematic asit cannot be determined how
much of each observed structure factor amplitude is due to the missing part of the
model. Maximum likelihood refinement provides a method of estimating the errors in
the calculated structure factors owing to missing and misplaced atoms (see
Section 3.5.7.4). Prior to and during the refinement of this structure, maximum like-
lihood refinement was implemented in some of the macromolecular refinement
packages, and where possible these were used in the refinement.

The limited number of reflections, resulting from the moderate resolution of the dif-
fraction data, meant that care had to be taken to avoid overfitting the model during
the refinement. At the limited resolution of this analysis the ratio of observations to
parameters is close to one. Although the R-factor can be lowered simply by adding
more parameters this can result in no real improvement in the model. The free R-
factor (Brunger, 1992a) was therefore used as a monitor to avoid overfitting the
data. Non-crystallographic symmetry constraints or restraints between the two mol-
ecules in the asymmetric unit were also retained throughout the refinement, as an
effective way of reducing the number of parameters.

The predominant problem in the nitrite reductase refinement, however, was the
anisotropy of the data. It is important to apply some sort of correction for systematic
effects such as this, that arise as a function of the crystal lattice rather than from the
structures of the individual macromolecules contained within that lattice. If the
anisotropy of the data is not taken into account then the refinement algorithm
attempts to adjust the refined parameters, i.e. the atomic positions and temperature
factors, to model this deviation in the measured intensities.

Unless otherwise specified all refinement was conducted using the frozen data set,
initially from a single crystal (NIRf3) and later the combined data from two frozen
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crystals (NIRc). During refinement, the models were restrained to the Engh and
Huber stereochemical library (Engh and Huber, 1991).

6.7.2 Cross-validation

The free R-factor was monitored during refinement. Approximately 5% (1498 reflec-
tions) of the NIRf3 data were randomly selected for the free-R set. These free reflec-
tions were retained throughout all refinement, even when the combined data set
(NIRc) was used. The same reflections were included in the free-R set of the almost
isomorphous Photon Factory data set; here the total free-R set was also approxi-
mately 5% of the total data (969 reflections).

6.7.3 Map calculations and model building

After rigid-body refinement, maps with SIGMAA-weighted Fourier coefficients,
(2mlF,l - DIF ) and (mlF,l - DIFl), (where mis the figure of merit, and D is an esti-
mate of the error in the structure from coordinate errors) were computed
(Read, 1986), and electron density maps were calculated using phases obtained
from the model. All reflections were included in the map calculations. At several
positions where the T. pantotropha and P. stutzeri nitrite reductase sequences dif-
fered, and hence the side-chain had been truncated to alanine, there were peaks in
the difference density map indicating the position of the omitted side-chain. In the
regions of the B-propeller domain where there were insertions in the P. stutzeri
sequence relative to the search model density could be seen that indicated the
trace of the main-chain. The presence of these peaks further validated the molecu-
lar replacement solution. Little density could be observed for the N-terminal
domains however. After subsequent rounds of TNT and CNS maximum likelihood
refinement, maps as described above were calculated, and the model was rebuilt
using TURBO-FRODO (Roussel and Cambillau, 1991). A stereo view of the 2mliF |

- DIF | electron density map calculated from a recent frozen NIR coordinate set is

presented in Figure 6.14.
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Figure 6.14 Stereo view of the 2mlF_| - DIF | map of the d; heme pocket

The 2miF,l - DIFJ map is contoured at 1c. This figure was prepared with TURBO-
FRODO (Roussel and Cambillau, 1991).

Tests of maps calculated with different coefficients were conducted with REFMAC.
The SIGMAA parameters m and D are calculated from the free set of reflections
and hence are subject to less bias from the model. Any unobserved reflections in
the native data set are given the value DIF, and hence the 2mlIF,| - DIF. term
becomes DIF_l, and the contribution to the difference coefficients miF | - DIF | is

zero. Tronrud (Tronrud, 1996b) and Cowtan (Cowtan, 1996) have shown that
absent reflections can cause unpredictable noise in map calculations. Test calcula-
tions have shown that the restoration of these missing terms reduces systematic
noise in the 2mlF 4 - DIF | maps (Murshudov et al., 1997). On the other hand, the

use of these coefficients may introduce bias owing to the missing observations
being replaced by weighted structure factors calculated from the model. Model bias
in the electron density maps, by calculation of phases from the atomic model, is a
major problem in the refinement of protein models determined by molecular
replacement methods. Considering the relative weakness and incompleteness of
the outer resolution shells of the native data set, the use of calculated structure fac-
tors in place of these missing reflections would have a relatively large impact on the
2mlF,l - DIF . synthesis, and hence these calculated terms were not utilised fur-

ther.

144



Chapter 6 P. stutzeri Nitrite Reductase: Structure Determination

6.7.4 NCS averaging

At various intervals during the endeavours to locate the N-terminal domain NCS
averaging methods (for a brief summary see Kleywegt, 1997) were used in attempts
to improve the frozen-data electron density maps. Failure of this procedure was due
to the difficulty of calculating a satisfactory molecular envelope for NCS averaging
either by automatic (using DM, Cowtan and Main, 1996) or manual methods. It was
also not possible to define the NCS operator for the missing domains. However, with
the recent positioning of the second N-terminal domain it is has been possible to cal-
culate molecular envelopes for NCS averaging procedures from the model coordi-
nates. The NCS operators were calculated by superposition of the coordinates of the
two N-terminal domains, and the C-terminal domains respectively. Because the
dimer has different two-fold NCS operators for the N-terminal and C-terminal
domains, a separate mask was calculated for each of these domains from their
atomic model, using the algorithm MAMA (Kleywegt and Jones, 1994). A single
round of NCS averaging without phase recombination was then conducted with CNS
(Brunger et al., 1997). After averaging a 2mlFJ - DIF electron density map within
the calculated NCS masks, the correlation coefficients were 0.72 and 0.99 for the N-
terminal and C-terminal domains respectively. This protocol does improve the qual-
ity of the maps, particularly in the regions of the N-terminal domains (Figure 6.15).

ILE 66A ILE 66A

ILE 66A
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Previous page.

Figure 6.15 Comparison of nitrite reductase averaged and unaveraged
2mlF,| - DIF | maps

The unaveraged map is shown above, and the averaged map below. Both maps
were calculated from the same atomic model, and a region of the N-terminal
domain is shown. This figure was prepared with TURBO-FRODO (Roussel and
Cambillau, 1991).

6.7.5 Anisotropic correction

To obtain a good scaling function for the nitrite reductase refinement it was important
that a correction be applied for the strong anisotropy present in the diffraction data.
If this is not done then the refinement protocols attempt to incorporate these system-
atic deviations in the intensities into the atomic model. For small molecules, where
the observation/parameter ratio is large, anisotropic temperature factors can be
refined. Because of the restricted observation to parameter ratio generally found for
macromolecular refinement, however, an overall anisotropic temperature factor
averaged over the unit cell can serve a similar purpose. Protocols that have been
used to do this to date have been based on the use of Wilson statistics (Sheriff and
Hendrickson, 1987, Blessing etal., 1996), or an analysis of the Patterson origin

peak (Blessing and Langs, 1988). This temperature factor can be used to apply a
correction to the native structure factors and then allow the refinement of an isotropic
atomic model. The expression for the overall anisotropic temperature factor is:

ani

B, = %(b”a*zhz 4+ by b* K 4 by c* [P + 2b ,a*b*hk + 2b,ya* c*hl + 2b23b*c*k£J
Eq. 63

As the anisotropic temperature factor is averaged over the cell, then the parameters
fitting this expression are restricted by the lattice symmetry. For the monoclinic nitrite
reductase crystals, with the b axis-unique, b;,=b,3=0. The least squares fit of these

parameters is achieved by correcting |F | (derived from the isotropic model), by min-
imizing the difference with IF,, . Normally in scaling IF ;| to |F.l, 1/k (where k is the
scale factor) is applied to |F, ;| and the isotropic B-factor is applied to |F.l. However

for reasons of practicality the anisotropic correction is often applied to the observed
reflections. An anisotropic correction has been implemented into the scaling function
of several macromolecular refinement programs: REFMAC (Murshudov
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et al., 1997), X-PLOR/CNS (Brunger, 1992b and Brunger et al., 1997), and SHELX-
97 (Sheldrick, 1997).

To illustrate the importance of correcting for the anisotropy present in the nitrite

reductase data sets, parallel structure factor calculations were conducted on recent
frozen and room temperature models (Table 6.15).

Table 6.15 Comparison of scaling functions for NIR models

NIR model Scaling model Free R R
Isotropic 0.394 0.356
Frozen . '
Anisotropic 0.314 0.279
Isotropic 0.352 0.301
Room Temperature ) )
Anisotropic 0.295 0.239

The calculation of the anisotropic correction is not trivial at moderate resolution,
where Wilson statistics are not applicable, and with a model that is incomplete and
likely to contain errors. The scaling protocol implemented in X-PLOR and CNS
refines the anisotropic parameters and an overall scale factor by a least squares
minimization followed by calculation of the bulk solvent correction and then further
cycles of refinement of the scale factor and anisotropic correction.

Comparisons of the anisotropic parameters calculated for both the room tempera-
ture Photon Factory data and frozen data (Table 6.16) shows that the systematic dif-
ferences in intensities relative to the cell axes are remarkably similar, with a*
exhibiting the weakest diffraction, and c* the most intense.

Table 6.16 Comparison of the overall anisotropic correction parameters for the
frozen and room temperature data sets

byy by bz  bip bz bog
frozen data -30.0 -52 35.2 0 4.1 0
room temperature data -34.4 -054 349 0 7.1 0

It is curious to note that though the parameters for the anisotropic correction are
slightly larger for the room temperature data (Table 6.16), application of anisotropic
scaling improves the frozen model to a larger extent (Table 6.15). The anisotropic
parameters calculated above are consistent with plots of In <F ;> against resolu-

tion for data of constant h, k and /for both data sets (Figure 6.3 and Figure 6.8). If
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similar plots are calculated with the observed amplitudes after correction for anisot-
ropy it is clear that although the calculated parameters do account for part of the sys-
tematic deviation in the data, there are still marked relative differences in the
intensities with respect to orientation, particularly with the higher resolution reflec-
tions. This may indicate that it is not possible to fully describe the anisotropy by a

cell-averaged ellipsoid.
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Figure 6.16 Plot of the logarithm of the mean corrected amplitude of the
frozen NIR data set as a function of resolution for reflections of

constant h, kand /
This figure was prepared with DATAMAN (Kleywegt and Jones, 1996).
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Figure 6.17 Plot of the logarithm of the mean of the corrected amplitude of the
room temperature data as a function of resolution for reflections of
constant h, kand /

This figure was prepared with DATAMAN (Kleywegt and Jones, 1996).

6.7.6 Solvent model and bulk solvent correction

The bulk solvent models for the treatment of the low resolution reflections have been
discussed in Section 3.5.5. During the initial TNT refinement a Babinet-type solvent
correction was applied. However, for the refinement conducted using X-PLOR and
CNS the mask-type solvent correction was utilized. The bulk solvent correction was
utilised in the refinement and map calculations for both the frozen and room temper-
ature cells. It was necessary to manually set the value for the bulk solvent tempera-
ture factor (B,,;) for the scaling of the room temperature data.

During the latter stages of the refinement, ordered water molecules became visible
in the electron density maps, predominantly in the region of the d; heme-binding
domain. Ninety-nine solvent atoms have been included in the atomic model of the
frozen NIR lattice. A water molecule was included in the model if a 36 peak was
present in the mIF | - DIFJ map, and the solvent atom formed a chemically sensible
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hydrogen bond with the polypeptide. Upon refinement, water molecules were

removed from the model if their temperature factors refined to high values (>80 A?),
or the electron density did not remain in the 2mlF | - DIF | map once the water atoms

were included in the phase calculation. The free R-factor was monitored to validate
the addition of these solvent molecules (Table 6.17).

Table 6.17 Validation of the solvent model

Solvent Molecules Free-R R
99 0.304 0.266
None 0.312 0.274

Statistics calculated on the current model

6.7.7 Temperature factor models

During the early stages of refinement with the frozen data, with just the two B-pro-
peller domains in the partial model, an overall temperature factor was refined. Once
the two N-terminal domains had been positioned one temperature factor per residue
was refined. The free R-factor was monitored to validate the inclusion of these addi-
tional parameters in the refinement. The effect on the free R-factor of refining a more
sophisticated temperature factor model and hence a larger number of parameters
was investigated. The modelling of two temperature factors per residue (one for
side-chain atoms and one for main-chain atoms), or restrained individual isotropic
temperature factors was found not to be appropriate for the current frozen lattice
model (Table 6.18). An isotropic temperature factor was refined for the solvent

atoms.

Table 6.18 Temperature factor models for frozen NIR

Temperature factor model Free R R

Grouped - 1 B per residue 0.313 0.275

Grouped - 2 B per residue 0.315 0.272
Individual isotropic 0.314 0.276

Statistics calculated on a recent coordinate set.

Surprisingly, a grouped temperature factor model of two temperature factors per res-
idue (one for side-chain atoms and one for main-chain atoms), was justified for the
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room temperature refinement (Table 6.19), even though the data extend to a much
lower resolution than that of the frozen lattice (3.4 A and 2.8 A respectively).

Table 6.19 Temperature factor models for the room temperature NIR

Temperature factor model Free R R
Grouped - 1 B per residue 0.323 0.275
Grouped - 2 B per residue 0.319 0.286

Statistics calculated on a recent coordinate set.

6.7.8 Treatment of NCS

In the early stages of the refinement, with the partial model containing just the two
-propeller domains, NCS constraints were enforced during the TNT maximum likeli-
hood refinement, in order to minimize the number of parameters refined and to
speed up the process of rebuilding these two large domains. When X-PLOR and lat-
terly CNS were used to refine the structure, the NCS constraints were released, and
tight NCS restraints enforced. This was because X-PLOR is limited in its application
of NCS constraints in that only one NCS operation can be defined for a monomer.
During these refinement steps the N-terminal domain was located, initially only for
one monomer (B) but then eventually for the second (A). For nitrite reductase the
NCS two-fold axis relating the two N-terminal domains was not coincident with that
relating the B-propeller domains; thus the complete dimer could not be described in
terms of a single NCS operation.

6.7.9 Progress of the frozen lattice nitrite reductase refinement

6.7.9.1 TNT rigid-body refinement

The rigid-body fitting procedures in AMORE had been utilised to refine the positions
of the two B-propeller domains, following molecular replacement. Further cycles of
rigid-body refinement were carried out in TNT (Tronrud et al., 1987). The monomers
were initially defined as rigid-body units, and were then broken up into fragments
determined by the locations of insertions and deletions in the sequences of the two
proteins. This refinement protocol resulted in a very smallimprovement in the model.
The initial model had a free R-value of 0.458 and an R-factor of 0.435 for data in the
range 20-2.8 A. These values dropped slightly to 0.455 and 0.431 respectively.
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6.7.9.2 TNT maximum likelihood refinement

The B-propeller domains were next subjected to maximum likelihood refinement in
TNT (Tronrud et al., 1987, Pannu and Read, 1996). The Babinet solvent correction
was applied and the model was refined with NCS constraints, and a single overall
temperature factor. Several rounds of refinement and rebuilding, however, yielded
little improvement of the model, with the free R-factor converging at 0.45 and the
conventional R-factor at 0.39. It became clear that some sort of correction was nec-
essary for the anisotropy of the data for refinement to be successful (see
Section 6.7.5). Compounding this problem were the sequence errors identified later
on in the refinement (Section 6.7.12); because the amino acid sequences indicated
that these regions contained the greatest differences from the search model,
rebuilding was concentrated on these areas, until it was realized that these
sequence changes may be artefactual.

TNT contains an algorithm that outputs cell-averaged anisotropic parameters, but
these are not applied during the refinement. X-PLOR was utilised to calculate an
anisotropic correction for the frozen nitrite reductase data set and apply it to the
observed structure factor amplitudes. This set of corrected observed data was then
used for TNT maximum likelihood refinement. The anisotropic correction in conjunc-
tion with improvements in the model through model building and identification of
sequence errors, resulted in the free R-factor decreasing to 0.40 and the R-factor to
0.34. At the same time as this partial model was being refined, attempts were made
to locate the two missing N-terminal domains. The incorporation of the core of these
two domains in addition to further iterative cycles of model building and refinement
improved the model further (R-factor= 0.34 R-free= 0.38).

6.7.9.3 CNS maximum likelihood refinement.

With the recent implementation of a maximum likelihood target in the software pack-
age CNS, these algorithms were used in the later stages of the nitrite reductase
refinement. The use of these programs allowed for the more simple calculation of
the anisotropic correction as all the routines required were contained within the one
software package. They also allowed for the implementation of the mask-calculated
bulk solvent correction that had proved to be successful with the embryonic hemo-
globin refinement (Section 3.5.5).

Refinement proved difficult, with often little improvement in the model (as monitored
by the free R-factor) during cycles of refinement. Often it was not possible to refine
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the atomic positions of the model after a session of manual rebuilding unless the
temperature factors (which were either set to a uniform value of 50 A2 or were trun-

cated to be less than 80 A?) were refined first. Refinement in this manner typically
resulted in the temperature factors reaching high values for the N-terminal domain.
Itis not possible to determine whether the high temperature factors for this region
are a result of coordinate error or due to high atomic motion in this region. Refining
the temperature factors before the atomic positions (it is necessary to refine the
atomic positions and temperature factors separately in CNS) is undesirable as it is
not possible to position the atoms precisely during manual rebuilding and hence the
temperature factors could act as an error sink for differences between the observed
and calculated structure factors. However, in order to obtain a good scaling model
for a successful refinement it did appear that the N-terminal atoms required large
temperature factors. This behaviour was apparent with both the frozen single crystal
(NIRf3) and combined (NIRc) data sets.

In order to determine whether the effective resolution of the frozen data was less
than 2.8 A owing to the weakness and incompleteness of the data in the outermost
resolution shells, cycles of refinement and calculation of electron density maps were
conducted using data to 3.4 A, the resolution at which the refinement of the room
temperature data appeared to be more successful. However refinement with the
higher resolution terms omitted did not proceed any more smoothly, and there was
no noticeable improvement in the quality of the electron density maps.

The final free R-factor and conventional R-factor are 0.304 (1498 reflections), and
0.266 (27724 reflections) respectively for all data in the range 40.0-2.8 A. The model
is tightly restrained, with rms deviations from ideal bond lengths of 0.0095 A and
ideal bond angles of 1.76° Further refinement statistics are provided in
Section 6.7.14.1.

6.7.10 Refinement using the room temperature data.

Refinement at 3.4 A is extremely problematic owing to the low number of observed
reflections and the lack of detail in the electron density maps, though examples exist
in the literature of successful refinements at this resolution by following careful pro-
tocols (Kleywegt et al., 1997). The N-terminal domain (B), first found for the room
temperature data set, appears to be the most ordered of the three N-terminal
domains (compared with the two from the frozen lattice). During the latter stages of
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the refinement in the frozen cell the coordinates for the B-propeller domains and the
N-terminal domain of monomer B of the frozen nitrite reductase model were super-
imposed on to the model of the room temperature cell and maximum likelihood CNS
refinement was conducted. Anisotropic scaling and a bulk solvent correction were
implemented during refinement, with a grouped temperature factor model refined
(one temperature factor refined for the main-chain atoms and another for the side-
chain atoms). Tight NCS restraints were imposed during refinement. This model cur-
rently has a free R-factor of 0.286 and an R-factor of 0.234 for all data in the range
40-3.4 A,

Electron density maps calculated from this model with the room temperature data
set, though naturally of a lower resolution, were of a higher quality showing new fea-
tures in the maps for the N-terminal domain included in the model (monomer B), and
also features for side-chains that were not included in the B-propeller model. These
side-chains were added to the model and several loop regions rebuilt. Relatively
strong connected electron density peaks in the map were present in the region
where the N-terminal domain of monomer A was expected to be found, though they
were not consistent with the exact trace of the domain if monomer A from the frozen
lattice was superimposed on that of the room temperature cell (the superposition
was calculated on the B-propeller domain for this monomer). No peaks consistent
with the shape of the ¢ heme group were readily apparent in the maps.

6.7.11 Cartesian and torsion angle molecular dynamics

The use of molecular dynamics for the refinement of macromolecules (very briefly
discussed in section 3.5.7.2 on page 62) has been successful in many cases
(Brunger et al., 1987) and has resulted in the widespread use of such methods in
structure refinement. A further development has been the introduction of simulated
annealing procedures that refine the torsion angles of the model (Rice and
Brunger, 1994). As only rotations about bonds are considered, the number of
parameters refined is substantially reduced, making it a method more appropriate
for refinement at moderate resolution. Torsion angle dynamics has been used suc-
cessfully in the refinement of some difficult structures (Braig et al., 1995). Both
atomic and torsion angle simulated annealing protocols were conducted on the
frozen nitrite reductase model at various stages of the refinement described above.
The R-factor would typically decrease after these procedures, but the free R-factor
would increase indicating that the model was not improving. Similar experiences
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have been reported using these protocols in the refinement of other proteins at mod-
erate resolution (Kingston, 1996; S. Moore, personal communication).

Curiously, when torsion angle molecular dynamics protocols were conducted on the
room temperature model the procedure was partially successful. The free R-factor
would decrease (to a similar value reached with maximum likelihood positional
refinement) indicating that the model was improving to a certain degree, but the dif-
ference between this statistic and the conventional R-factor would increase (com-
pared to a standard maximum likelihood protocol) suggesting overfitting of the
model to the data.

6.7.12 Sequence conflicts

It was clear from early in the refinement that there appeared to be differences in the
sequence of the protein, as indicated by the electron density maps, compared to the
previously published sequence for the P. stutzeri JM300 nitrite reductase (Smith and
Tiedje, 1992). Although these maps were generally not of sufficient quality to dis-
criminate between different side-chains, it was clear that in some instances the dele-
tions suggested by the sequence alignment (Figure 5.4, on page 101) were not
present in the crystal structure. Initially, attempts were made to model the published
sequence, but the coordinate shifts from refinement and the electron density maps
were consistent with these deletions not being present. The sequence indicated by
the electron density maps was compared with the highly similar nitrite reductase
sequence from P. stutzeri ZoBell (Jungst etal, 1991). The major regions of
sequence anomalies are given in tables below. Where possible, attempts have been
made to rationalize these sequence differences in terms of possible frame shift
errors in the nucleotide sequencing arising from base pair compressions. These
sequencing artifacts are particularly common in G and C-rich regions (Gough and
Murray, 1983). In the tables given below, the published P. stutzeri JM300 nitrite
reductase sequence is given, followed by the proposed amino acid sequence indi-
cated from the Fourier maps. For some of these regions the published nucleotide
sequence is given, followed by a modified sequence (with insertions in bold) that
could account for the sequence determined from the crystal structure. The
sequences of the homologous enzymes from other species are also given. These
regions all occur in the B-propeller domain, and although the current model is not
complete in the N-terminal domain it indicates that the native protein contains 533
residues and not 525. All residue numbering now refers to the new sequence.
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6.7.12.1 Residues 119-127

The region 119-127 (Table 6.20) is not as well conserved as some of the other
regions where sequence anomalies exist and hence it is more difficult to rationalize
the sequence changes observed. There clearly is no two-residue deletion in this
segment of the polypeptide, but it is not so easy to determine the identity of some of
the individual amino acids.

Table 6.20 Sequence differences: residues 119-127

P. stutzeriJM300 | E | R |R ||| R | Q| M| N
Proposed X-ray seq.| E R R|IA|K!IS|Q|M|N
P. stutzeri ZoBell E KIR|V]|T | K|{Q| M]|N
P. aeruginosa E D R|P|K | KN @iIlff e N
T. pantotropha Ef{DIRJFfT | Q@f@|cE/|IN
A. eutrophus At QIR BRLTHY@]FK|IMLN

seq. is an abbreviation for sequence

Residue 123 is clearly a large side-chain and has been modelled as a lysine in the
P. stutzeri structure. The identity of residue 124 is not clear; the homologous
sequences have a lysine or glutamine at this position. Side-chain density is
observed for this residue past the gamma position, when it is modelled as a serine,
indicating that there is a residue with a large side-chain at this position, though it is
not possible to identify the exact nature of the amino acid (Figure 6.18).
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Figure 6.18 Stereo view of the 2mIF | - DIF | map for residues 121-125

The density map is contoured at 1o, and truncated 2.2 A from the displayed atoms
for clarity. This figure was prepared with TURBO-FRODO (Roussel and
Cambillau, 1991).

6.7.12.2 Residues 139-150

Even from the earliest stages of refinement it was clear that the three-residue dele-
tion proposed in the published sequence for the region now numbered 139 -150
(Table 6.21) was not consistent with the electron density maps (Figure 6.19). This
part of the sequence corresponds to the region between the first and second j3-
strands of the B-propeller domain, an area that appears to be generally well con-
served amongst the nitrite reductases of different species. Given the good quality
of the electron density and the presence of easily recognisable residues (Gly, Lys)
considerable confidence can be placed in this correction to the sequence.

Table 6.21 Sequence differences: residues 139-150
P. stutzeri JM300 L|IR|D|A]|-—-|-—-|-1Q]|L
Proposed X-ray seq.
P. stutzeri ZoBell
P. aeruginosa
T. pantotropha
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seq. is an abbreviation for sequence
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Figure 6.19 Stereo view of the 2mlF | - DIF | map for residues 141-146

The density map is contoured at 16, and truncated 2.0 A from the displayed atoms
for clarity. This figure was prepared with TURBO-FRODO (Roussel and
Cambillau, 1991).

6.7.12.3 Residues 174-187

The region of the structure between residues 174-187 also exhibits a large degree
of sequence similarity among different nitrite reductases and contains amino acids
with distinguishable side-chains (Table 6.22). This region was initially modelled in
terms of the published sequence, however problems were encountered in the region
of the one-residue deletion (residue 183). Large positive difference density peaks
were observed at the end of the side-chains of Thr 178, and originating from the Ca
of Gly 182. Residue 178 is a tyrosine in the P. stutzeri ZoBell and A. eutrophus NIR
sequences. The electron density for the side-chain at this position is consistent with
this residue being tyrosine. The amino acid at position 182 is a conserved arginine
residue in all the other nitrite reductase sequences, and in the P. aeruginosa and T.
pantotropha structures forms an ionic interaction with a propionate of the d; heme.
The difference density observed in the maps was consistent with this residue being
arginine, forming this conserved interaction. Another structurally conserved interac-
tion is formed by Asp 183, which participates in an Asx turn (described by Rees
et al., 1983). The side-chain density of residue 176 when initially modelled as a
methionine was flattened in one dimension, uncharacteristic of methionine, but con-
sistent with this side-chain being tyrosine. This observation not only increased the
confidence in the proposed frameshift errors, but also gave increased confidence
that the electron density maps contained information from the observed intensities,
and were not overly biased by the phases calculated from the model.
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Table 6.22 Frameshift errors: residues 174-187

P.stutzeriJM300 | G |R M | S T P|S A G| WL
Proposed X-rayseq.. G | R Y ‘ \Y | Y| T w' vV | G R|D| G L
P. stutzeriJM300 |ggc

Proposed nuc. seq. ggc

cgtatgltctiaca-ccgitcggcc'gga!- --tgglctg
cggtatfgtcitac!accjgt cggccgggatigggetg

P. stutzeriZoBell | G ‘ R Y VIiY[T]|T G RID|G L
P.aeruginosa G | R | Y | L lL|v|v|Gcg!R|D AR
T. pantotropha G'R:Y.L;F V!V G  R|D|G|K
A. eutrophus GIR|Y|L|]Y|V|V|IG|R|DJ|A|R

| T

T

acc

acc
T

I
Vv
L

T
| T
éaCC
acc
T
' D
N
D

seq. is an abbreviation for sequence, nuc. is an abbreviation for nucleotide

A stereo view of the electron density present for the interaction of Arg 182 with the

dy heme propionate is given in Figure 6.20.

Figure 6.20 Stereo view of Arg 182...d; heme propionate interaction

The 2mlF - DIF | density map is contoured at 1o, and truncated 2.0 A from the dis-
played atoms for clarity. This figure was prepared with TURBO-FRODO (Roussel

and Cambillau, 1991).

6.7.12.4 Residues 203-212

A small difference occurs for the region 203-212 (Table 6.23). Again, density is
apparent at the site of the proposed one-amino acid deletion. Nice density is also
observed for residue 207. This is proline in the published sequence, but in the elec-
tron density it can be modelled much better as aspartic acid. It then makes a salt
bridge with Arg 209, matching the Glu...Arg salt bridge found in the equivalent posi-

tion for the T. pantotropha and P. aeruginosa enzymes (Figure 6.21).
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Table 6.23 Frameshift errors: residues 203-212
P.stutzeriM300 | R | L | G |- | P | I | R| S| V |D
Proposed X-ray seq.| R L G i S D| A R S vV [ D
P. stutzeriJM300 |cgcctgggt|---lccgatclcgcitcglgtglgac
Proposed nuc. seq. icgcjc t gggg|t cclgatic??cgcljtcggtglgac
P. stutzeri Zobell RIF|G|S | D|IM|R|S|V D

P. aeruginosa K I G | | E A R S VI|I E
T.pantotropha | K | | | G| S E|A|R|S|V|E
A. eutrophus R|/VIG|M|E|A|R|S|D]|G

seq. is an abbreviation for sequence, nuc. is an abbreviation for nucleotide.

Figure 6.21 Stereo view of the 2mlF_| - DIFJ map for residues 205-209

The density map is contoured at 15, and truncated 2.0 A from the displayed atoms
for clarity. This figure was prepared with TURBO-FRODO (Roussel and
Cambillau, 1991).

6.7.12.5 Residues 349-360

Residues 349-360 run across the top of the d; heme and hence are likely to be

important in determining the environment of the heme (Table 6.24). The conserved
histidine 352 has been implicated as being important for the reaction mechanism.
The substitutions in this region suggested by the published sequence would have
had far-reaching implications for the function of this protein. From the X-ray structure
determination it does appear that this region is structurally conserved among the
members of this protein family.
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Table 6.24 Frameshift errors: residues 349-360

P.stutzeiM300 + K | | "R I T | R T R == - N F_ V
Proposed X-ray seq.. K | PIH}PsGR;G»ANFV
P. stutzeri JM300 éaagfat cc gcjaccic gggacg:cggi;— - -l - -:aac.;t t clc tg
Proposed nuc. seq. Eaag;at o cg%cacc c ciggagc gc}ggggcaéaac{t t c]c tg
P.stutzerizoBell | K | | P | H P‘jegﬂge AN F |V
P.aeruginosa 'K . T P!H| PG R G|A N F |V
T.pantotropha QT P IH|P |G R G|A N F/lV
Aeutiophus - K - T 1P H|IP G, R{G| A N/ F!M

seq. is an abbreviation for sequence, nuc. is an abbreviation for nucleotide

A stereo view of the electron density present for this region of the protein is givenin
Figure 6.22.

Figure 6.22 Stereo view of the 2mlF_| - DIF | map for residues 350-357

The density map is contoured at 1o, and truncated 2.0 A from the displayed atoms
for clarity. This figure was prepared with TURBO-FRODO (Roussel and
Cambillau, 1991).

6.7.12.6 Residues 488 and 332-333

Another position where there appears to be a sequence anomaly is at residue 488,
which is glycine in the published sequence, but a conserved tryptophan in the other
five published nitrite reductase sequences. Examination of both 2mlF,| - DIF | and

miF,l - DIF | electron maps reveal the presence of density for a large side-chain for

the amino acid at this position, inconsistent with this residue being glycine. The sur-
rounding residues fit the density well, indicating that the model is not out of register.
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A strong argument for the conservation of this tryptophan can be made not only on
the evidence above, but also as it forms a hydrogen bond to the carbonyl oxygen
(OMC) of the dy heme C pyrrole.

It also appears that the insertion of a Pro between residues 332 and 333 is an arti-
fact. No other nitrite reductase sequence contains this insertion and there is no room
to accommodate this extra residue in the model.

It should be emphasized that the nucleotide frameshift changes illustrated in the
tables above are only suggestions of what might have happened in the sequencing
of this gene. Though the P. stutzeri JM300 and ZoBell nitrite reductase sequences
appear to be more similar than previously thought, there will be most likely still be
differences between them. Determining the sequence of a protein from electron den-
sity maps is impossible at 2.8 A resolution; some possibilities can be discounted,
e.g. small and large side-chain substitutions, but side-chains of similar size cannot
be distinguished.

The molecular weight of the P. stutzeri nitrite reductase as determined by triple qua-
dropole electrospray mass spectrometry is 59884 Da (£0.01%). This value differs
with the figure of 54 kDa as determined by SDS-PAGE analysis (Weeg-Aerssens
etal., 1991). The calculated molecular weight of the published P. stutzeri JM300
nitrite reductase sequence (including the hemes) is 59874 Da, a molecular weight
more consistent with the experimentally determined Mw than the proposed X-ray
sequence which has a calculated mass of 60491 Da (with both hemes included).
However, itis unclear whether the dy heme is retained in the protein during the ion-
ization of the electrospray analysis. If it is assumed that the dy heme is lost from the

protein, then comparisons of the measured Mw with the X-ray sequence, minus the
d; heme, reveal that the Mw for the X-ray sequence (59781 Da) is too low. For com-
parison, the calculated Mw for P. stutzeri ZoBell NIR (with both heme groups
included) is 60859 Da. In order to determine the P. stutzeri JM300 nitrite reductase
sequence unequivocally, and resolve these ambiguities, the gene needs to be rese-
quenced.

| am very grateful to Dr. G. E. Norris and Ms J. Mudford for conducting the mass
spectrometry analysis.
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6.7.13 Summary

An unambiguous molecular replacement solution was obtained using the -propeller
domains of the dimer as a search model. However, location of the N-terminal
domains was difficult, owing to the disorder exhibited by these regions of the mole-
cule. The phasing power from the d; domains should have been sufficient to locate
these domains if they were ordered in the lattice, with the missing part of the struc-
ture comprising less than 20% of the total scattering.

The structure of P. aeruginosa NIR was solved by initially placing the d; domains in
the cell by molecular replacement. The N-terminal domains were visible in the elec-
tron density maps after rigid-body refinement of the dy domains, and a dimer of res-
idues 30-543 could be built (with residues 80-100 and 450-470 omitted) before any
individual atomic refinement was undertaken (Nurizzo et al., 1997). Clearly the
phases calculated from the d; heme domains were accurate enough to allow the

location of the ¢ heme-binding domains in this case.

Partial models have been used for successful molecular replacement structure
determinations that have comprised much less than the 80% that was present in this
case, for example the structure of the human protective protein was solved by
molecular replacement and two-fold averaging from an initial solution comprising
60% of the scattering (Rudenko et al., 1996); and the yeast cytochrome c peroxi-
dase - cytochrome ¢ complex was solved from a molecular replacement solution that
placed just the peroxidase molecules (75% of the scattering matter) in the cell (Pel-

letier and Kraut, 1992).

Clearlyitis not just a question of how much of the total scattering a model comprises
that governs the quality of the electron density map. The similarity between the
structures of the native molecule and the search model that is used to calculate the
initial phases is also very important. In this regard the early maps for the P. stutzeri
nitrite reductase B-propeller domains were actually very good, allowing the identifi-
cation of several sequence errors, and the placement of side-chains that were not
included in the search model.

Maps calculated from models which contained the N-terminal domains consistently
exhibited very weak density for these regions of the molecule. This made rebuilding
these regions a very difficult and laborious procedure. Omit maps were frequently
calculated for fragments contained within the N-terminal region to confirm that they
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were correctly positioned, and the free R-factor was monitored at all times during the
cycles of model building and refinement. Refinement of the frozen model was prob-
lematic both before and after the N-terminal domains were modelled. The free R-
factor would typically decrease only slightly during refinement after a session of
rebuilding. The maps did, however, contain information that allowed the manual
refitting of the model to the electron density. A major concern during the refinement
was the appropriateness of the anisotropic scaling function. Some sort of correction
was clearly necessary for the severe anisotropy present in the data, but it was
unclear quite what effect the missing regions of the structure and coordinate errors
would have on the effectiveness of such a correction. Including a model for the
anisotropy did result in a dramatic drop in the free R-factor (Table 6.15) and
improvements in the quality of the maps. The temperature factors for the N-terminal
domains have refined to high values (see Table 6.26 and Table 6.27). The atomic
temperature factor contains contributions both from atomic movements or disorder
and from error in the coordinates. The low level of the electron density and the over-
lap of the density over several atoms as a result of high temperature factors makes
positioning and refining the atomic coordinates very difficult (Ten Eyck, 1995). From
inspection of the electron density maps for the current frozen model there are still
ambiguous regions in both the N-terminal domains and coordinate error undoubt-
edly contributes to the high temperature factors. The recent success of NCS aver-
aging procedures yields hope that the models for the N-terminal domains can be
finished, though the completion of this refinement still appears difficult.

The weak density and high temperature factors have lead to the conclusion that the
N-terminal domains may be disordered in the frozen crystal lattice. There certainly
appears to be room within the arrangement of molecules in the crystal for this region
of the protein to move, and disorder of protein subunits and/or domains is not
uncommon (see Section 7.7.2). However it is certain that the lack of well-measured
high resolution data (itself an effect that is probably due to disorder in parts of the
molecule) contributed to the problems encountered during this structure determina-
tion. The problem of why the model would not refine as well against the frozen data
as the room temperature data, and why there appeared to be more information in
the unfrozen electron density maps remains unclear. Both data sets exhibited a sim-
ilar anisotropy, and the success of the correction applied to the room temperature
data would appear to validate this treatment as being appropriate. One major differ-
ence between the two data sets is the much greater mosaicity of the frozen crystals
(1.1°), compared to that of the room temperature crystal (0.4°).

164



Chapter 6 P. stutzeri Nitrite Reductase: Structure Determination

A return to the refinement of the room temperature model has been successful, with
the refinement appearing to proceed more smoothly. The room temperature data
are of lower resolution, but as well as being less mosaic these data were collected
on a synchrotron source and may be more accurately measured. Density peaks vis-
ible in the maps for the N-terminal domain of monomer A are not consistent with the
position of this domain found for the frozen model, suggesting that, like the N-termi-
nal domains for monomer B, this domain is in a different orientation for the room tem-
perature and frozen models.

In hindsight it is clear that the best approach to this problem would have been the
collection of a better native data set, if this indeed was possible. The poor quality of
the data made it extremely difficult to refine the model. The collection of well mea-
sured Friedel pairs could have yielded information on the position of the ¢ heme iron
atoms. It also would have helpful to have independent phase information and per-
haps attempts to collect heavy atom derivatives should have been made a priority
instead of persevering with what turned out to be a difficult molecular replacement
problem. Phases from even a single poor low resolution derivative in combination
with phases calculated from the -propeller domains may have provided additional
information in the maps.

If the difficulties of locating the frozen N-terminal domains are a result of disorder,
this makes it difficult to model the structure with an atomic model and temperature
factors. This type of model does not describe the overall dynamic behaviour of the
molecule and it may be that a multiple conformer molecular dynamics refinement
(Gros et al., 1990, Kuriyan et al., 1991, Wall et al., 1997) may prove to be necessary
to model the structure of nitrite reductase in this frozen lattice form.

6.7.14 Quality of the current models

6.7.14.1 Frozen lattice

The current model of the P. stutzeri nitrite reductase dimer in the frozen lattice com-
prises two complete B-propeller domains and two partially modelled N-terminal
domains. The B-propeller domains of both monomer A and B comprise the complete
polypeptide chain (residues 100-533) and the dy heme. The N-terminal domain for
monomer B (residues 1-99) has residues 43-52 and 71 missing. Residues 43-52
comprise part of the large insertion in the N-terminal domain found only for the P.
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stutzeriNIRs, and residue 71 is located in a loop just before the ¢ heme ligand Met
74. The N-terminal domain for monomer A is less complete; residues 1-9, 33, 39-40,
44-56, 76-79 and 86-87 have not been included in the model (Table 6.25). The ¢
hemes for both monomers have been modelled, though for the heme of monomer A
the propionate side-chain of the A pyrrole ring has not been included. A number of
amino acids, particularly in the N-terminal domains, have been modelled as alanine
at this stage with no electron density visible for the side-chain atoms.

Table 6.25 Atoms included in the model of NIR in the frozen lattice

Atoms Monomer A Monomer B
polypeptide 3746 3740
¢ heme 38 42
d; heme 48 48
water 99

The free R-factor for the current frozen model is 0.304 (1 498 reflections), with a con-
ventional crystallographic R-factor of 0.266 (27 724 reflections), for all data in the
range 40.0-2.8 A. The model is tightly restrained, with rms deviations from ideal
bond lengths of 0.0095 A and ideal bond angles of 1.76°.

The main-chain torsion angles (¢,y) were not restrained during the refinement
(though a Ramachandran plot was referred to during model rebuilding) and hence
the distribution of these values provide some validation of the structure. A Ram-
achandran plot of main-chain torsion angles calculated with PROCHECK
(Laskowski et al., 1993) shows that 96.7% of residues lie in the most favoured and
additionally allowed regions, 3.0% are present in the generously allowed region, and
0.3% in the disallowed area (Figure 6.23). The three residues in the disallowed
regions, 72 (monomer A), 196 (monomer B) and 462 (monomer B), are in loops with
weak density.

The non-crystallographic symmetry was tightly restrained, with rms differences for
the groups of NCS-restrained atoms less than 0.035 A.
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Psi (degrees)

Phi (degrees)

Figure 6.23 Ramachandran plot for the frozen nitrite reductase dimer

Glycine residues are represented as triangles, with all other residues shown as
squares. The plot was calculated with PROCHECK (Laskowski et al., 1993).

The average temperature factor the for the nitrite reductase dimer is 67 A2, compa-

rable to the Wilson B value of 70 A2, though the use of Wilson statistics is not really
justified with moderate-resolution anisotropic data. Temperature factors for the
heme groups and protein atoms on a domain basis are given in Table 6.26.
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Table 6.26 Average temperature factors (A2) for the frozen nitrite reductase

Monomer A Monomer B
il N-terminal C-terminal N-terminal C-terminal
domain domain domain domain
polypeptide 110 51 95 72
cheme 125 111
dy; heme 57 84

6.7.14.2 Room temperature lattice

The current model of the P. stutzeri nitrite reductase dimer in the room temperature
lattice comprises two complete B-propeller domains and one partially modelled N-
terminal domain. The B-propeller domains of both monomers comprise the complete
polypeptide chain (residues 100-533) and their d; heme group. The N-terminal

domain for monomer B (residues 2-99) has the majority of the fold modelled, along
with the ¢ heme group, with only the N-terminal residue 1, residues 43-52, and 72
missing (Table 6.27). Residues 43-52 comprise part of the large insertion in the N-
terminal domain found only for the P. stutzeriNIR, and residue 72 is located in a loop
just before the cheme ligand Met 74. A number of amino acids, particularly in the N-
terminal domain have been modelled as alanine at this stage, with no electron den-
sity visible for the position of the side-chain atoms. For monomer A, five residues of
the C-terminal region of the c heme-binding domain (residues 94-99), that are visible
extending from the B-propeller domain, are included in the model.

Table 6.27 Atoms included in the model of NIR for the room temperature lattice

Atoms Monomer A Monomer B
polypeptide 3351 3721
¢ heme - 38
d; heme 48 48

The free R-factor for the current room temperature model is 0.286 (969 reflections),
with a conventional crystallographic R-factor of 0.234 (18 239 reflections), for all
data in the range 40.0-3.4 A. The model is tightly restrained, with rms deviations
from ideal bond lengths of 0.010 A and ideal bond angles of 1.79°.

168



Chapter 6 P. stutzeri Nitrite Reductase: Structure Determination

The non-crystallographic symmetry was tightly restrained with rms differences for
the groups of NCS-restrained atoms less than 0.012 A.

As this model was derived from the molecule in the frozen lattice the distribution of
the main-chain torsion angles (¢,y) in a Ramachandran plot is very similar. A Ram-
achandran plot calculated with PROCHECK (Laskowski et al., 1993) shows that
96.7% of residues lie in the most favoured and additionally allowed regions, 2.8%
are present in the generously allowed region, and 0.5% in the disallowed area. The
four residues that fall in the disallowed region are 98 (monomer A), 464 (monomer
A), 32 (monomer B) and 41 (monomer B).

The average temperature factor the for the room temperature nitrite reductase dimer

is 61 A2, Temperature factors for the heme groups and protein atoms on a domain
basis are given in Table 6.28.

Table 6.28 Average temperature factors (A%) for the room temperature nitrite

reductase
Monomer A Monomer B
Atoms N-terminal C-terminal N-terminal C-terminal
domain domain domain domain

main-chain -- 44 107 67
side-chain -- 50 99 70

cheme - 98

di heme 42 47
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P. stutzeri Nitrite Reductase: Structure and Function

7.1 INTRODUCTION

Though the current model of the P. stutzeri nitrite reductase is not complete it is still
possible to make a number of conclusions about the structure and relate this to the
function of this enzyme. The coordinates of the d; heme domain, and the d4 heme
itself, are well defined and allow the structural characterization of this domain.
Although the ¢ heme-binding domain is disordered, particularly in the frozen crys-
tals, it has been possible to determine the overall topology of this domain and iden-
tify the ¢ heme-binding ligands.

7.2 OVERVIEW OF THE STRUCTURE

The P. stutzerinitrite reductase is organized into a functional dimer, with each mon-
omer comprising two domains. The N-terminal ¢ heme-binding domain is an all a.-
helical cytochrome c-like structure and the C-terminal, dy heme-binding, domain is
an eight-bladed B-propeller structure. These two domains are folded separately and
sequentially, with the N-terminal domain comprising residues 1-99 and the C-termi-
nal domain comprising residues 133-533. The two are joined by a linker peptide, res-
idues 100-132, which joins the two and then lies across the upper surface of the -
propeller domain. The dimer is formed by the interaction of the two B-propeller
domains, with no contacts existing between the N-terminal domains. The crystallo-
graphic asymmetric unit comprises a dimer, which when measured along axes
orthogonal to the two-fold NCS rotation axis, has approximate dimensions of 54 x 63
x 96 A. The crystal lattice is dominated by interactions between the B-propeller
domains, with the N-terminal domains contributing few crystal contacts.

Ribbon diagrams of two views of the P. stutzeri nitrite reductase dimer are presented
in Figure 7.1 and the full amino acid sequence, with associated secondary structure
assignments, is in Figure 7.2. During the course of the structural analysis some cor-
rections were made to the original published sequence (Smith and Tiedje, 1992); the
sequence given in Figure 7.2 contains these corrections, made as a result of the
crystallographic analysis.
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Figure 7.1 Ribbon diagrams of two orthogonal views of the P. stutzeri NIR
dimer.

The c (green) and dq (red) hemes are displayed in ball and stick representation.
This figure was prepared with MOLSCRIPT (Kraulis, 1991).
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Figure 7.2 Revised sequence of P. stutzeri JM300 NIR derived from the X-ray

structure

The B-strands of the B-propeller domain are labelled such that the first digit refers to
the propeller blade in which the strand is located, and the second digit corresponds
to the position of the B-strand (1 for the innermost, 4 for the outermost) in the pro-
peller blade. This figure was prepared with ALSCRIPT (Barton, 1993).

7.3 B-PROPELLER DOMAIN

7.3.1 Structural organisation

The dy heme-binding domain (residues 133-533) forms an eight-bladed B-propeller

structure. Each blade of the propeller comprises an anti-parallel B-sheet formed by
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four strands. The B-sheets of each blade are twisted, and arranged radially around
a central tunnel. The dy heme sits at the top of this channel in the centre of the -

propeller fold. A helix at the C-terminus of this domain folds up inside the other end
of the central tunnel, closing it. The propeller structure is stabilized both by the -
sheets packing face to face, providing a framework for their predominately hydro-
phobic interactions, and by closing the B-propeller structure with the N and C-termini
of the domain.

In the numbering scheme adopted for the B-propeller domain the B-strands are each
referred to by two numbers. The first gives the number of the propeller blade in which
the B-strand is located, with the second describing its position within the blade, 1 for
inner-most and 4 for outer-most. By convention, the numbering of the propeller
blades is such that closure is assigned to the last blade.

In the nitrite reductase B-propeller domain, the N-terminus provides the three outer-
most strands of blade eight (8-2, 8-3, 8-4) before the chain folds to form blade one.
The eighth blade is completed with the innermost B-strand (8-1) that comes from the
C-terminus of the domain, just before the C-terminal a-helix (Figure 7.3).

The propeller B-strands are connected by loops and secondary structure elements,
both between and within the blades. Two small B-strands involved in the dimer inter-
face are inserted between blades two and three. A three turn 34-helix (residues
386-396) is found between the third and fourth strand of blade five. A short a-helix
(residues 432-438) is located between strands two and three of blade six, with a 34¢-

helix (residues 456-461) situated between blades six and seven.

Various attempts have been made to determine consensus sequences for the
blades of B-propeller structures in order to identify these folds from sequence infor-
mation alone e.g. the prediction that the o subunit of the integrins and the C-terminal
region of phosphatidylinositol phospholipase D contain seven-bladed B-propeller
folds (Springer, 1997). Examples of consensus sequences for B-propeller structures
described to date include the “tryptophan docking” motif identified for the pyrrolo-
quinoline quinone-binding proteins (Ghosh et al., 1996), the “Asp box” of the non-
viral sialidases (Roggentin et al., 1989), and the “WD repeat” of the G-protein 3 sub-
unit (Neer and Smith, 1996). The only repeating sequence unit found for the -pro-
peller domains from the nitrite reductase family is a conserved aspartate residue that
is situated at the C-terminal end of the third strand of each propeller blade, with the
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exception of blade 5 where the aspartate residue is located in the loop between
strands 3 and 4 (Baker et al., 1997). This motif is conserved for the P. stutzeri nitrite
reductase [B-propeller domain, though the outlying aspartate of blade 5 is not
present. These seven aspartate residues (residue numbers 149, 190, 238, 291, 335,
443, and 501) are involved in Asx turns (as described by Rees et al., 1983) between
B-strands three and four of the propeller blade. In blade 5 an a-helix is inserted
between these B-strands.

Figure 7.3 Topology diagram of the B-propeller domain from P. stutzeri NIR

The B-propeller blades are boxed and numbered.
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7.3.1.1 Comparisons with the P. aeruginosa and T. pantotropha nitrite reductase [3-
propeller domains

The conformation of the d; heme-binding domain for P. stutzeri nitrite reductase is
very similar to that found for the homologous enzymes from P. aeruginosa and
T. pantotropha. At residues 388-396, a five-residue insertion, together with amino
acid substitutions either side, results in the insertion of a short 31¢-helix between
strands three and four of propeller blade five. A five-residue deletion between resi-
dues 448 and 449 results in a shortening of the loop between strands 6-3 and 6-4
relative to the T. pantotropha structure. This deletion is also observed for P. aerugi-
nosa nitrite reductase. An insertion of residues 466-467 occurs in the P. stutzeri
enzyme that increases the length of the loop immediately after the helix between
blades six and seven. The only other insertion/deletion in the P. stutzeri dy heme-

binding domain is a single amino acid deletion (between residues 257-258) in the -
hairpin that separates blades two and three and is involved in dimer contacts. The
rms differences between the P. stutzeri B-propeller domain and linker region (resi-
dues 100-533), and the corresponding domains from T. pantotropha (Fulop
et al., 1995) and P. aeruginosa (Nurizzo et al., 1997) nitrite reductases are 0.85 A
(for 411 Co atoms) and 0.88 A (for 423 Co. atoms) respectively. All Co. atoms con-
served between these domains were used in the calculation. These domains are
shown superimposed in Figure 7.4.

Figure 7.4 Stereo Ca superposition of the P. stutzeri (green), P. aeruginosa
(blue) and T. pantotropha (red) NIR B-propeller domains

The superposition was calculated on all Ca atoms conserved between the NIRs
from the three species. The d; heme groups are shown in ball and stick representa-
tion. This figure was prepared with MOLSCRIPT (Kraulis, 1991).
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7.3.1.2 Comparisons with other [3-propeller structures

Crystal structures have been determined for various proteins containing 3-propeller
folds that are comprised of between four and eight blades. Four-bladed domains
have been observed for hemopexin (Faber etal., 1995) and collagenase (Li
et al.,, 1995), whereas influenza virus neuraminidase (Varghese et al., 1983) and
bacterial sialidase (Crennell etal., 1993) exhibit six-bladed structures. The seven-
bladed B-propeller structures are the most numerous examples of this folding pat-
tern to date, with members of this group including methylamine dehydrogenase (Vel-
lieux et al., 1989), galactose oxidase (Ito et al., 1991), the G-protein B subunit (Wall
et al.,, 1995) and the RCC1 regulator of chromosome condensation (Renault
et al., 1998). The only eight-bladed B-propeller fold other than that of the nitrite
reductase family to be structurally characterized is from the enzyme methanol dehy-
drogenase (Xia et al., 1992). Methanol dehydrogenase also binds its cofactor, pyr-
rolo-quinoline quinone (PQQ), in the centre and top of the B-propeller domain. This
enzyme utilizes a different manner for ‘tying up’ the propeller structure, with the N-
terminus providing only the outermost strand of blade eight, with the three inner
strands provided by the C-terminus. A superposition of 126 Cca. atoms from propeller
blades 1to 7 gives an rms difference of 3.6 A between the P. stutzeriNIR and Meth-
ylophilus W3a1 methanol dehydrogenase eight-bladed B-propeller structures.
These structures are shown superimposed in Figure 7.5.
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Figure 7.5 Stereo Co superposition of the B-propeller structures of P. stutzeri
NIR (green) and Methylophilus W3a1 methanol dehydrogenase
(purple)

The N-terminal domain of NIR has been omitted for clarity. The dy heme and PQQ
cofactors are shown in ball and stick representation. This figure was prepared with
MOLSCRIPT (Kraulis, 1991).

7.3.2 d; heme environment and structure

The dy heme sits in a pocket formed in the top and centre of the B-propeller domain.
The heme group is bound by an axial histidine ligand (residue 166) which is provided
by the innermost strand of blade one (1-1), with an Fe-Ne2 bond length of 2.1 A. The
other axial ligand is a solvent molecule, presumed to be water, which is clearly dis-
tinguished in the mlF,| - DIF ] map as a four sigma peak on all four dy hemes char-
acterized (two frozen monomers and two room temperature monomers)
(Figure 7.7). This water molecule is bound with an Fe-O distance of 2.4 A. The heme
pocketis predominately hydrophobic, owing to the presence of residues lle 167, Leu
373, Leu 412, Phe 413, Met 429, Val 472, and Phe 523. Five conserved arginine res-
idues (140, 169, 182, 209, 355) provide hydrogen bonding partners for the propion-
ate and carbonyl groups of the d; heme (see Table 7.1 and Figure 7.6). It was the

apparent absence of one of these arginines, and the presence of density character-
istic of an arginine interacting with the heme propionate, that helped identify one of
the regions of error in the published sequence for this enzyme.
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Table 7.1 Potential hydrogen bonds to the d; heme

Heme Contact Distance
Atom Atom (A)
O1A 268 lle N 3.6
O2A 211 ValN 3.6
0O1B 182 Arg NH2 2.4
02B 182 Arg NH2 24
0O2B 209 Arg NE 3.2
01C 140 Arg NE 3.0
0o2C 140 Arg NE 3.6
01D 355 Arg NE 35
01D 355 Arg NH2 3.6
02D 355ArgNE 2.7
02D 355 Arg NH2 3.1
02D 169 Arg NH2 3.4
OMB 229 Tyr OH 2.9
OMB 209 Arg NE 3.0

The numbering convention forthe dy heme is given in Baker et al., 1997.

Two conserved histidine residues (310 and 352) are present on the distal, substrate-
binding, side of the dy; heme in positions in which they could hydrogen bond to the

substrate (Figure 7.6).

H 352 H 352
R 355 B R 355 8
\( 0 ( 0
Wat

169 169

R 140
R 182

Figure 7.6 Stereo view of the dy heme group of P. stutzeriNIR

A water molecule is shown bound to the d; heme iron. This figure was prepared

with TURBO-FRODO (Roussel and Cambillau, 1991).
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The most striking feature of the mlF| - DIF| and 2mIF,| - DIF electron density
maps of the d; heme pocket is the presence of a very large electron density peak

extending from the edges of the B and C pyrrole rings. This peak is found for both
monomers in both the room temperature and frozen crystals, though the largest
peaks are present for the room temperature data. The largest peak of this extra den-
sity is found for monomer A in the room temperature lattice at a height of 6 sigma
above the mean, located 15 A away from the edge of the d; heme. The electron den-
sity is continuous from the edge of the heme to this large peak, though at a lower
contour level. This difference density, along with a peak for a water ligand omitted
from the map calculation, is shown in Figure 7.7. Curiously, a portion of this density
occupies a similar position to that of Tyr 10 in the P. aeruginosa nitrite reductase
(see Section 7.4.2), with the rest of this density serving to close off the heme pocket
in a similar manner to the N-terminal region of the P. aeruginosa and T. pantotropha
enzymes (Figure 7.8). Remarkably, it is possible to fit the large alky| side-chain of an
a heme into this difference density by rotating about the side-chain torsion angles.
Unfortunately, owing to the limited resolution of the data it is not possible to be cer-
tain of whether the density originates from the d; heme, or what the nature of this

substituent might be.

Figure 7.7 Stereo view of the mlIF,| - DIF_| map of the d; heme showing the
unaccounted for electron density and modelling of the heme a side-
chain

The map is contoured at 3o, and the a heme side-chain is overlaid. This figure was
prepared with TURBO-FRODO (Roussel and Cambillau, 1991).
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Figure 7.8 Stereo view of the P. stutzeri (green), P. aeruginosa (blue) and T.
pantotropha (red) NIR d; heme groups.

The superposition was calculated on all atoms of the d4 heme. This figure was pre-
pared with MOLSCRIPT (Kraulis, 1991).

If an a heme side-chain is modelled into the density, the model refines to a free R-
factor of 0.287 with an R-factor of 0.235 (compared to values of 0.289 and 0.236
without this side-chain), with a grouped temperature factor for the side-chain of

70 A2 This suggests that the density could be due to an alkyl group of some kind.
However, this side-chain does not extend far enough away from the d; heme and
does not fully account for the large difference peak located 15 A away from the heme
edge when included in the Fourier synthesis. It has been shown that the d; heme
can be removed from the P. stutzeri and P. aeruginosa nitrite reductases (Hill and
Wharton, 1978; Walsh et al., 1980; Weeg-Aerssens et al., 1991) and replaced with
either native or synthetically prepared d; heme. The activity of the P. stutzeri

enzyme is reduced to 82% and 77% of the native protein on re-incorporation of the
native or synthetic d; heme respectively, implying that the proposed structure for

heme d, is correct (Weeg-Aerssens et al., 1991). The high resolution structures of
the T. pantotropha and P. aeruginosa NIRs have confirmed the identity of the d,

heme in the enzymes from these species. The spectral properties of the reconsti-
tuted enzyme are indistinguishable from the native enzyme. Another possibility for
the origin of this peak is that it may correspond to an Fe atom of the disordered ¢
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heme domain in a partially occupied orientation required to transfer an electron to
the d; heme. However, this peak is closer (15 A) than the ¢ heme to dy heme dis-
tances found for the monomers of T. pantotropha (20.6 A) and P. aeruginosa
(19.6 A), and there exists no surrounding density that could be ascribed to any
polypeptide. When an iron atom was positioned in the centre of this peak and
refined, its temperature factor reached a value of 94 Az, with the model having free
and conventional R-factors of 0.287 and 0.235 respectively. A further possible
explanation is that the extra density observed could be part of the twelve-residue
insertion (residues 45-56, see Figure 5.4) in the P. stutzeri NIR. The distance
between the region of the N-terminal domain in which this insertion occurs and the
d; hemeis 18-20 A, so itis possible for the insertion to connect to this region. How-

ever, no electron density is visible extending away from the N-terminal domain.

Density is apparent in a similar position for the dy heme of the second room temper-
ature monomer; this density is not continuous at the 2c level, but it does extend fur-
ther away. A peak is also visible for the frozen lattice NIR, but is not present at such
a high level. Unfortunately, owing to the poor resolution and quality of the experi-
mental data, it is not possible to identify the origin of this extra density peak or to
state whether it is a substituent of the heme or is a part of the polypeptide that is in
close proximity. What is clear, is that this scattering matter functions to close off the
heme pocket in a similar manner to the N-terminal extension found for the homolo-
gous enzymes from other species. Though extensive functional measurements
have not been conducted on the nitrite reductase from P. stutzeri, exposure of the
d; heme to solvent would be expected to have dramatic effects on the redox poten-

tial of the heme group and the activity of the enzyme.

Attempts to obtain a molecular weight by mass spectrometry for the d; heme group

removed from the P. stutzeri nitrite reductase by extraction into acidic-acetone (as
described by Walsh et al., 1980) have been unsuccessful to date.

7.4 N-TERMINAL DOMAIN

7.4.1 Structural organisation

Though parts of the N-terminal domain have not been modelled (see
Section 6.7.14), and the domain appears disordered in the lattice, some preliminary
conclusions can be drawn from the current models. The N-terminal domain (resi-
dues 1-99) is an all a-helical domain similar to the class | c-type cytochromes, e.g.
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cytochrome cg5¢ from P. stutzeri (Cai et al., 1992) and P. aeruginosa (Matsuura

et al,, 1982; Timkovich and Cai, 1993), or tuna cytochrome c¢ (Takano and
Dickerson, 1981) (Figure 7.9). The domain is comprised of 4 a-helices formed by
residues 11-20, 22-25, 59-67 and 89-94. The ¢ heme is covalently bound by
thioether linkages to Cys 21 and Cys 24 with His 25 providing an axial ligand to the
heme iron (Figure 7.10). These residues comprise the ¢ heme binding motif C-X-X-
C-H common to the c-type cytochromes. The second axial heme ligand is provided
by Met 74. This histidine-methionine coordination of the ¢ heme is the classical
mode of coordination for the class | c-type cytochromes. The observation of this
binding mode confirms the spectroscopic studies conducted on the oxidised P. stut-
zeri ZoBell nitrite reductase that indicated the presence of histidine-methionine coor-
dination of the ¢ heme (Cheesman et al., 1997).

Figure 7.9 Stereo Ca trace of a superposition of the NIR N-terminal domain
(green) and cytochrome cs5¢ (purple) from P. stutzeri

The ¢ heme groups are shown in ball and stick representation. The figure was pre-
pared with MOLSCRIPT (Kraulis, 1991).
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C24

Figure 7.10 Stereo view of the P. stutzeri NIR N-terminal domain and ¢ heme
ligands

This figure was prepared with MOLSCRIPT (Kraulis, 1991).

7.4.2 Comparisons with the N-terminal domains from T. pantotropha and
P. aeruginosa nitrite reductases

The N-terminal domain of P. stutzeri nitrite reductase is very similar in overall struc-
ture to the comparable domains found for the oxidised P. aeruginosa (Nurizzo
et al., 1997) and reduced T. pantotropha enzymes (Williams et al., 1997). The most
striking difference is at the N-terminus, where the P. stutzeri enzyme has a large
deletion relative to both the P. aeruginosa and T. pantotropha enzymes (see the
sequence alignment in Figure 5.4). This has important implications for the dy heme
iron coordination, and for connections between the two domains. The N-terminal
deletion of 26 residues, compared with the P. aeruginosa NIR sequence, results in
the removal of a tyrosine residue (residue 10) which hydrogen bonds to the water
ligand of the dy heme iron atomin P. aeruginosa NIR. The P. stutzeri NIR N-terminal
domain is 52 residues shorter than that of T. pantotropha NIR. This deletion again
results in the removal of a tyrosine (residue 25), which in this case is coordinated
directly to the oxidised dy heme iron (Figure 7.11).

Unlike the oxidised NIRs from P. stutzeriand P. aeruginosa which coordinate the ¢
heme iron atom with histidine and methionine residues, the oxidised T. pantotropha
enzyme exhibits bis-histidine coordination (Fulop et al., 1995). When the T. pan-
totropha nitrite reductase is reduced, the ¢ heme-binding domain undergoes a struc-
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tural rearrangement that results in the N-terminal histidine ligand of the ¢ heme being
replaced by a methionine, to give the same ligation mode found for the oxidised
P. stutzeriand P. aeruginosa NIRs. This structural rearrangement also results in Tyr
25 no longer coordinating the d{ heme iron atom, increasing the solvent accessibility
of the heme and leaving a vacant coordination site to enable substrate binding (Wil-
liams et al., 1997).

Figure 7.11 Structural diversity of the N-terminal extension for the three oxi-
dized NIRs

The N-terminal region and ¢ heme of monomer B from P. stutzeri NIR (green), P.
aeruginosa NIR (blue) and T. pantotropha NIR (red) are shown. Interactions of the
d; heme with the tyrosine side-chains of the latter two enzymes are highlighted.
The figure was prepared with MOLSCRIPT (Kraulis, 1991).

The large twelve-residue insertion (residues 45-56) in the N-terminal domain of the
P. stutzeri enzyme, relative to the domains of the T. pantotropha and P. aeruginosa
enzymes is not visible in the electron density maps at this stage, so it is not clear
what effect this has on the overall fold of the domain. This insertion is in a similar
position in the sequence to the 15-residue insertion found for the mitochondrial c-
type cytochromes (e.g. tuna cytochrome c, residues 41-55) relative to the bacterial
proteins. However, no sequence similarity exists between these two polypeptide
insertions. Secondary structure prediction using the profile network method imple-
mented in PHD (Rost and Sander, 1994a; Rost and Sander, 1994b) predicted that
this insertion forms a loop with a relatively high solvent accessibility. This result was
consistent when the algorithm was run either on the isolated fragment, or on the
whole N-terminal domain; in the latter case the algorithm did predict the known heli-
ces of this fold.
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Apart from the N-terminal region, the only other deletion that occurs for the P. stut-
zeri ¢ heme-binding domain is a two residue deletion that occurs between residues
77 and 78, relative to the P. aeruginosa and T. pantotropha nitrite reductases. This
two residue deletion results in little change in the overall fold of the domain.

7.5 RELATIONSHIP OF THE ¢ HEME-BINDING AND d; HEME-BINDING DOMAINS

7.5.1 Structural organisation of the monomer

As noted earlier, the nitrite reductase monomer from P. stutzeriis comprised of two
domains; an all a-helical N-terminal domain (residues 1-99) that binds the ¢ heme
and has a fold resembling the class | c-type cytochromes, and the C-terminal, d,
heme-binding, eight-bladed B-propeller domain (residues 133-533). The two
domains are connected via a short linker region (residues 100-132). A Co-trace of
the P. stutzeri nitrite reductase monomer showing the relationship of the two
domains is given in Figure 7.12.

Figure 7.12 Stereo view of the P. stutzeri NIR monomer
The figure was prepared with MOLSCRIPT (Kraulis, 1991).
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Examination of the Fe...Fe distances within each nitrite reductase monomer
(Table 7.2) shows that the positions of the redox centres are consistent with the
hypothesis that each monomer functions independently in electron transport.

Table 7.2 Relationship of the c and dy heme groups within the NIR monomers

dyheme-cheme  Fe...Fedistance d;-cheme edge

NIR subunit angle ()3 (AP distance (A)
monomer A 55 24 .1 19.4
monomer B 27 26.7 22.2

2 Angle between the two heme planes, calculated using all heme atoms.

b Distance between dy heme iron and ¢ heme iron.

The distances between the heme redox centres of different monomers are much
greater and seem incompatible with electron transfer between the subunits of the
dimer. The distances between redox centres contained within the two monomers are
listed in Table 7.3.

Table 7.3 Intermolecular distances between the iron atoms of the two monomers

Redox centres Fe...Fe distance (A)
monomer A d4 Fe - monomer B dy Fe 49.7
monomer A ¢ Fe - monomer B d, Fe 54.4
monomer A d4 Fe - monomer B c Fe 54.1
monomer A ¢ Fe - monomer B cFe 52.3

7.5.2 Non-crystallographic symmetry relationship of the P. stutzeri
monomers

A least squares superposition of the two monomers that comprise the NIR dimer
reveals that the two N-terminal domains, and the two C-terminal domains, are
related by different non-crystallographic symmetry bperators. The C-terminal B-pro-
peller domains are related by a true two-fold rotation. The two N-terminal domains,
however, are related by a 170° rotation about a different axis to that of the B-propel-
ler domains (Table 7.4).
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Table 7.4 NCS transformations of the P. stutzeri NIR dimer

Rotation Translation vector
NIR domain (spherical polar angles) (°) (A)
w 0 X X y z
N-terminal 87 -44 170 36.0 39.1 -38.6
C-terminal 92 119 179 45.9 24.3 -31.3

The spherical polar angles are defined such that w is the angle from the z axis and
¢ is the angle from the x axis to the y axis, with x being the rotation about the axis
defined by w and ¢. The superpositions were calculated on all Ca atoms.

The overall effect of this different rotation axis for the N-terminal domain, is that
when the monomers are superimposed on the B-propeller domains, an additional
36° rotation (about the axis w=20 ¢=135) and translation (by the vector 15.2, 0.3,
3.2 A) are required to overlay the two N-terminal domains. If the N-terminal ¢ heme-
binding domains obeyed the same NCS operator as the 3-propeller domains then
unfavourable steric clashes would occur in the crystal lattice.

7.5.3 Comparisons with the structures of P. aeruginosa and T. pantotropha
nitrite reductases.

The N-terminal domains of P. stutzeri NIR have undergone a large rigid-body rota-
tion, relative to the B-propeller domain, when compared to the structures for P. aer-
uginosa and T. pantotropha nitrite reductases. In order to calculate the
transformations for the N-terminal domains from P. stutzeriNIR and the homologous
NIRs, the monomers were initially superimposed on the B-propeller domains and
then the transformation required to overlay the N-terminal domains was calculated.
The transformations for the superposition of the P. stutzeri N-terminal domains on
to the corresponding domains from the homologous NIRs are given in Table 7.5.
The ~98° rotation of the P. stutzeri N-terminal domain of monomer B compared to
the corresponding domains from P. aeruginosa and T. pantotropha NIRs is shown
in Figure 7.13.
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Table 7.5 Transformations for superposition of the NIR N-terminal domains

Rotation (°)

Translation vector

P. stutzeri Corresponding i
NIR N-terminal NIR N-terminal (spherical polar angles) (A)
domain domain ® o x X y z

P. aeruginosa 108 139 76 13.7 24.7 23.2

A T. pantotropha ox. 110 142 65 10.2 2341 23.2

T. pantotropha red. 105 137 54 9.5 16.8 23.2

P. aeruginosa 62 118 99 46.3 29.3 -8.4

B T. pantotropha ox. 63 114 88 431 21.0 -6.0

T. pantotropha red. 68 120 96 448 29.0 -8.1

The spherical polar angles are defined such that w is the angle from the z axis and
¢ is the angle from the x axis to the y axis, with x being the rotation about the axis
defined by w and ¢. The superpositions were calculated on all conserved Co atoms.

ox. and red. are abbreviations for oxidized and reduced.

In the oxidised forms of the P. aeruginosa and T. pantotropha enzymes there are a
substantial number of interactions between the ¢ heme and d; heme-binding

domains. In contrast, for the P. stutzeri NIR monomer there are no other interactions
between the two domains apart from those involving the polypeptide linker region
that connects them. With no such inter-domain interactions, and with the crystal con-
tacts dominated by contacts between the pB-propeller domains, it is perhaps not sur-
prising that the N-terminal domains are mobile and can adopt a different
conformation to that found for the T. pantotropha and P. aeruginosa monomers.
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Figure 7.13 Two orthogonal stereo Ca traces of the P. stutzeri (green), P.
aeruginosa (blue) and T. pantotropha (red) NIR monomers.

The overlay was calculated on all conserved Ca atoms of the B-propeller domains.
The N-terminal extension of the P. aeruginosa NIR has been truncated for clarity in
the lower diagram. The figure was prepared with MOLSCRIPT (Kraulis, 1991).

In P. aeruginosa nitrite reductase the N-terminal arm (residues 1-29) interacts with
the B-propeller domain of the other monomer in the dimer, in a process termed ‘N-
terminal arm exchange’, or ‘domain swapping’ (Nurizzo et al., 1997). The N-terminal
extension is responsible for forming a large proportion of the interactions between
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the ¢ heme and dy heme-binding domains. Apart from the interactions formed by the

N-terminal extension there exist only five other hydrogen bonds and a single van der
Waals contact between the ¢ and dy domains, which presumably would not be suf-

ficient to tether the domains together (Nurizzo et al., 1997). Silvestrini and co-work-
ers have shown that the c and dy domains of P. aeruginosa nitrite reductase can be

separated by cleavage with subtilisin. If the separated domains are placed in solu-

tion together, the enzyme is unable to oxidize its physiological substrate cytochrome
Cs51, implying that the two domains do not have a significant affinity for one another

once the polypeptide linker is broken (Silvestrini et al., 1996).

For the oxidised T. pantotropha nitrite reductase most of the inter-domain interac-
tions are provided by the N-terminal extension, though in this case it associates with
the B-propeller domain of the same monomer. Apart from the interactions made by
the N-terminal extension, seven other hydrogen bonds are formed between the two

domains (Baker et al., 1997).

When the T. pantotropha nitrite reductase crystals are reduced, the ¢ heme-binding
domain undergoes a structural rearrangement (as described previously
Section 7.4.2). This conformational change does not affect the integrity of the crystal
lattice as the crystal contacts are dominated by interactions between the B-propeller
domains. A consequence of this rearrangement is that the N-terminal extension of
the protein no longer forms any interactions with the B-propeller domain. In one mol-
ecule of the dimer (monomer A) all the hydrogen bonding interactions are broken
between the ¢ and d4 domains, whereas a third of these interactions are disrupted

in the other monomer. For monomer A the first 35 residues are disordered, and res-
idues 63-121 are only weakly visible in the electron density maps (and hence mod-
elled at half occupancy). The first 25 residues are disordered in the second
monomer. The relative positions of the N and C-terminal domains within the NIR
dimer are also altered, with the two N-terminal domains and the two C-terminal
domains no longer related by the same non-crystallographic symmetry axis. Itis pro-
posed that owing to the lack of crystal contacts involving the ¢ heme domains, and
the dramatic decrease in the number of interactions between the N and C-terminal
domains of the monomer, the ¢ heme-binding domains are free to move within the

lattice.
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A similar situation appears to exist for the P. stutzeri nitrite reductase where there is
no N-terminal extension that can provide the large number of inter-domain contacts
that occur for the homologous P. aeruginosa and T. pantotropha oxidised enzymes.

Calculation of the water-accessible surface buried at the N-terminal domain/C-ter-
minal domain interface of the NIR monomers illustrates the dramatic effect of remov-
ing the N-terminal extension from this region of the structure, either by deletion as is
the case for P. stutzeri NIR, or by structural rearrangement as is found for the
reduced T. pantotropha enzyme (Table 7.6).

Table 7.6 The water accessible surface buried between the NIR N-terminal and
C-terminal domains

NIR monomer Buried surface (A?)
P, stutzeri (A) 532
P. stutzeri (B) 294
T. pantotropha red. (A) 400
T. pantotropha red. (B) 1448
T. pantotropha ox. 2782
P. aeruginosa’ 2024

"The N-terminal domain of P. aeruginosa NIR was defined as the core (residues 29-
115) of one N-terminal domain and the domain swapped N-terminal extension (res-
idues 4-28) from the other monomer.

The buried surface is calculated for both monomers of the P. stutzeriand reduced T.
pantotropha NIRs as the two N-terminal, and two C-terminal domains of the dimer
obey different NCS operators, hence the relationship between the N and C-terminal
domains is different for each monomer.

The solvent accessible surface was calculated using the programs AREAIMOL and
RESAREA from the CCP4 suite (Collaborative Computational Project, 1994), with a
solvent probe of radius 1.4 A; ox. and red. are abbreviations for oxidized and
reduced.

The substantially fewer inter-domain interactions, combined with the fact that crystal
contacts are predominantly formed between the B-propeller domains, allows the P.
stutzeri N-terminal domains freedom of movement within the lattice and contributes
to their partial disorder.

7.6 DIMER INTERFACE

The P. stutzeri nitrite reductase dimer is formed by the association of the two 3-pro-
peller domains, with no contacts made between the two N-terminal domains. The
dimer interface is formed between the outer B-strands of propeller blades two and
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three of one monomer and the equivalent NCS-related B-strands of the other. A con-
tinuous antiparallel 8-stranded B-sheet is formed between the four B-strands of pro-
peller three (residues 265-304), and the four B-strands of the equivalent NCS-
related propeller blade (Figure 7.14). Hence, the nitrite reductase dimer can be
described as having an extended [-interface (Jones and Thornton, 1995). Eight
inter-monomer main-chain/main-chain hydrogen bonds are made between residues
296, 298, 300 and 302, located within the two outermost B-strands (3-4) of the pro-
peller domains. Additional hydrogen bonds are made by the side-chains of sur-
rounding residues (Table 7.7). These contacts are supplemented by interactions
between the two short B-strands (residues 251-260) inserted between blades two
and three, with the NCS-related outermost strand of blade two (2-4; residues 245-
249). Interactions are also formed between the helix of the linker region (residues
105-110) and the loop between the two short inserted B-strands. Potential hydrogen
bonds across the dimer interface are presented in Table 7.7.

Table 7.7 Potential hydrogen bonds between the NIR monomers?

Source Atom Location of Distance Target Atom Location of Target
(Monomer A) Source Atom (A) (Monomer B) Atom
105 Leu N Linker o-helix 3.1 257 Gly O B-strand i2:3°
246 Lys NZ B-strand 2-4 3.1 304 Glu OE2 B-strand 3-4
294 Asp OD2 B-strand 3-4 2.8 340Lys NZ B-strand 4-4
296 Ser O B-strand 3-4 2.9 304 GluN B-strand 3-4
297 Asp OD1 B-strand 3-4 2.9 341LeuN B-strand 4-4
298 Leu N B-strand 3-4 2.8 302 Thr O B-strand 3-4
298 Leu O B-strand 3-4 2.7 302 ThrN B-strand 3-4
300 Thr N B-strand 3-4 3.2 300 ThrO B-strand 3-4
300 Thr OG1 B-strand 3-4 3.3 300 Thr OG1 B-strand 3-4

a0nly interactions from monomer A to monomer B are given in the table. The NCS
equivalent contacts are not shown.

b i2:3 describe the B-strands inserted between propeller blades 2 and 3.

A total of 2190 A2 of solvent accessible surface, calculated using the programs
AREAIMOL and RESAREA from the CCP4 suite (Collaborative
Computational Project, 1994) and assuming a solvent probe of radius 1.4 A, is
buried in this dimer interface. This figure is similar to that for the buried surfaces of
the dimer interface calculated for the P. aeruginosa and T. pantotropha enzymes,

i.e. 2110 A2 and 2260 A? respectively.
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Figure 7.14 Ribbon diagrams of two orthogonal views of the P. stutzeri NIR
dimer interface

The figure was prepared with MOLSCRIPT (Kraulis, 1991).

Electron density maps reveal the presence of ordered water molecules in the cavity
formed between the secondary structure elements of the dimer interface (see lower
diagram in Figure 7.14).

All cdy-type nitrite reductases isolated to date have been found to be dimers in solu-

tion. The non-covalent dimer interface is stable even under severe conditions. The
P. aeruginosa nitrite reductase dimer prevails in 3M NaCl, 1M Na,;SOy,, or 6M urea,
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with dissociation to monomers only occurring at very high pH (>11) or after succi-
nylation (Kuronen et al., 1975). The suggestion has been raised that the dimeric
state found for nitrite reductase is an artifact owing to its isolation in aqueous solu-
tion, and that the interface involved in forming the dimer may in fact interact with the
cytoplasmic membrane in vivo. If this were the case then nitrite reductase may act
as a monomer. Silvestrini and colleagues have prepared monomeric P. aeruginosa
nitrite reductase which was active, indicating that dimer formation is not obligatory
for enzymatic function (Silvestrini et al., 1995).

7.7 ASPECTS OF THE CRYSTAL STRUCTURE

7.7.1 Crystal contacts

The crystal contacts in the frozen nitrite reductase lattice are principally formed
between the B-propeller domain of monomer A with its symmetry-related equiva-
lents, and between this domain and the N-terminal ¢ heme-binding domain of mon-
omer B. The B-propeller domain of monomer B, and the N-terminal domain of
monomer A make no hydrogen bonding contacts in the lattice (Table 7.8). A number
of residues (Section 6.7.14) have not been modelled for the structure, particularly for
the N-terminal domain and it is possible that some of these missing atoms are
involved in crystal contacts; if this was the case, however, it would be expected that
these regions would be the most ordered and hence would be prominent in the elec-
tron density maps. It is interesting to note that two of the regions (residues 386-392
and 466-469) of the P. stutzeri -propeller domain that contain insertions relative to
the sequences of the P. aeruginosa and T. pantotropha enzymes are involved in

crystal contacts.

The contacts formed in the room temperature cell are essentially the same as those
observed for the frozen cell. '
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Table 7.8 Potential hydrogen bonds between NIR dimers in the frozen and room

temperature lattices

Source Target Distance (A) Distance (A)

Atom Atom 113K Room Temp.
A113 Asn OD1 A337 Lys NZ 3.6 3.2
A114 Leu O A337 Lys NZ 3.3 3.7
A243 Glu OE1 A388 Ser OG 2.7 29
A243 Giju OE1 A388 Ser N 3.1 3.3
A448 Ser O B6 Thr OG1 2.6 . 2.6
A449 Ser OG B9 Glu OE2 35 395
A450 Ala N B9 Glu OE2 2.5 2.5

7.7.2 Disorder in protein crystals

Two types of disorder can exist in protein crystals: i) static disorder where the posi-
tion of a domain or structural fragment changes from one unit cell to another and ii)
dynamic disorder where the position of the fragment is changing in time. For X-ray
diffraction experiments the measured intensities are averaged over time (i.e. the
length of the data collection) and space (i.e. over all unit cells of the crystal), and
hence it is not possible to differentiate these two effects. For a frozen crystal static
disorder would be expected to be the predominant factor.

It is not an uncommon occurrence for multidomain proteins to have disordered
domains. Some examples from the literature are the chaperonin GroEL (Braig
et al., 1995), the rat phospholipase C-61 (Essen et al., 1996), the ribosomal protein
L9 (Hoffman et al., 1996), the Sindbis virus core protein (Choi et al., 1991), the diph-
theria tox repressor (Ding et al., 1996), the T-cell receptor - HLA-A2 - viral peptide
complex (Garboczi et al., 1996) and apo-lactoferrin (B. F. Anderson, personal com-
munication). One example which appears strikingly similar to that of the P. stutzeri
nitrite reductase is the structure of the yeast cytochrome b,. This redox protein is a
tetramer, with each monomer comprised of two domains connected by a linker
region. The N-terminal domain is a heme-binding cytochrome bgs domain, whereas

the C-terminal domain is a Bgog barrel that binds FMN (Xia and Mathews, 1990;

Tegoni and Cambillau, 1994). Of the two monomers contained within the asymmet-
ric unit, one of the cytochrome bs-like domains is completely disordered. Interest-
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ingly, if the two domains are separated by proteolytic cleavage they do not then
reassociate or participate in redox reactions (Silvestrini et al., 1993).

7.7.3 Rationalization of the anisotropic diffraction

From inspection of both the room temperature and frozen crystal lattices (whose

dimensions are summarized in Table 7.9)

Table 7.9 Cell dimensions for the room temperature and frozen crystals
a(d) b)) cA) o) BO YO
Room Temperature 80.6 84.6 105.9 90.0 98.7 90.0
Liquid Nitrogen 75.6 82.3 102.8 90.0 94.4 90.0

a physical interpretation of the anisotropy in the observed diffraction patterns can be
presented. The B-propeller domains of the nitrite reductase dimer pack side-by-side,
forming chains in the crystal running along the ¢ axis with the non-crystallographic
two-fold axis perpendicular to the direction of the chain. The contacts formed in this
direction are between the relatively well-ordered B-propeller domains (Figure 7.15).
The improvement in the diffraction along c¢* as a result of freezing the crystals (from
~3.3 Ato ~2.6 A) is associated with the shortening of the a and c cell lengths. In the
room temperature cell the longer a axis, as well as the looser packing along c,
results in the B-propeller domains not lining up exactly to form chains (as evident by
the fact that the NCS two-fold axis is no longer perpendicular to ¢*). The shift in posi-
tion of the N-terminal domain of monomer B that occurs upon crystal freezing is also
due to the dehydration and consequent shrinkage of the cell. The weak diffraction
observed along a* arises because the contacts formed in this orientation are only
between the disordered N-terminal domains and a B-propeller domain from a sym-
metry related molecule.
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Figure 7.15 Stereo diagrams of the frozen (upper) and room temperature
(lower) NIR lattices.

This figure was prepared with TURBO-FRODO (Roussel and Cambillau, 1991).

7.8 FUNCTION

7.8.1 Flexibility of P. stutzeri nitrite reductase

Flexibility of structure is important for the biological function of many proteins, be it
binding of a substrate, binding to a receptor, or formation of a macromolecular com-
plex. Often this flexibility is manifested by the movements of amino acid side-chains,
or of large portions of the structure, either complete subunits or domains. Examples
of proteins in which large conformational changes are important for biological func-
tion include hemoglobin, lactoferrin, citrate synthase, calmodulin, the immunoglob-
ulins and the chaperonin GroEL (Huber, 1987, Gerstein et al., 1994, and the
Database of Macromolecular Movements, http://bioinfo.mbb.yale.edu/MolMovDB/,
M. Gerstein and W. G. Krebs, unpublished results). It is difficult, however, to ratio-
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nalize the rigid-body shift observed between the ¢ and d4 domains for the P. stutzeri
nitrite reductase in terms of a reaction mechanism involving electron transfer
between the hemes. A possibility to consider is that the binding of the external elec-
tron donor, cytochrome c5g¢ or azurin, to the N-terminal domain may result in the
movement of this domain, packing it against the B-propeller domain and bringing the
¢ heme and d; heme into a suitable position and orientation for electron transfer.

7.8.2 Electron transfer between the heme groups

The distances between the heme groups of the dimer are consistent with the path
of electron transfer being between the ¢ heme and the dy heme of the same mono-
mer. This is in agreement with the observation that a preparation of monomeric P.
aeruginosa nitrite reductase retains the catalytic and spectral properties exhibited by
the dimer (Silvestrini et al., 1995). Allosteric behaviour for the enzyme from P. aer-
uginosa has been observed on carbon monoxide binding (Parr et al., 1975), as well
as when oxidised with cytochrome c551 or azurin (Blatt and Pecht, 1979). This

behaviour has been ascribed to the presence of the N-terminal arm that is swapped
between the monomers of this enzyme (Nurizzo et al., 1997). No evidence of any
allosteric behaviour has been reported for the nitrite reductase from any other spe-
cies, though no detailed stop flowed studies have been conducted on these
enzymes.

The rate of electron transfer between protein redox centres has been shown to be
related to the separation and orientation of the centres (Makinen et al., 1983; Bera-
tan et al., 1992; Moser et al., 1992). Cofactors in redox complexes, either contained
within the same protein or within macromolecular complexes, appear to be grouped
into two predominant orientations. The cytochrome ¢ peroxidase - cytochrome ¢
complex (Pelletier and Kraut, 1992), the heme and flavin containing p-cresol meth-
ylhydroxylase (Mathews et al., 1991), and the nitrite reductases from P. aeruginosa
and T. pantotropha have their respective redox cofactors arranged at an angle of 60-
70°. The flavocytochrome b, (Xia and Mathews, 1990) and dimeric cytochrome ¢’
(Weber et al., 1980) have the redox centres in a co-planar arrangement. The inter-
nal electron transfer from the ¢ to dy heme of P. aeruginosa nitrite reductase is

unusually slow (Parr et al., 1977; Silvestrini et al., 1982; Silvestrini et al., 1990;
Schichman et al., 1996). A recent study of the enzyme from T. pantotropha has
revealed a faster rate (Kobayashi et al., 1997), though in the light of the crystal struc-
tures of these two enzymes (Fulop et al., 1995; Nurizzo et al., 1997) it might be the
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case that these measurements have been conducted on different initial starting
structures. The cytochrome c oxidases from bacteria (Ostermeier et al., 1997) and
mitochondria (Tsukihara et al., 1996) have the a heme cofactors at an angle of
~105°, though the redox behaviour of these enzymes is complicated by the addi-
tional copper redox centres. The dy heme - ¢ heme orientations of the P. stutzeri
nitrite reductase appear to fall outside these general classifications, and the dis-
tances between the two heme groups are much larger than that found for the NIRs
from other species (Table 7.10).

Table 7.10 Relationship of the ¢ and dy heme groups within the NIR monomers
diheme-cheme Fe...Fedistance d4-cheme edge

I medel angle (°) A) distance (A)
T. pantotropha 62 20.6 9.8
P. aeruginosa 70 19.6 11.4
P. stutzeri- monomer A 55 241 19.4
P. stutzeri - monomer B 27 26.7 22.2

The nature of the polypeptide that separates the two redox centres between which
electron transfer occurs has been the subject of much interest. It is unclear as to
whether the electron is transferred in a through-bonds mechanism with the polypep-
tide bonded orbitals acting as a wire (Beratan et al., 1992), or whether a through-
space mechanism exists. It has been tentatively proposed that the non-planar
arrangement of the redox centres may result in an increased ability to store electrons
prior to a reduction step (Makinen et al., 1983), and that the slow electron transfer
rate, in conjunction with inhibition by NO, may be an adaptation to prevent increased
concentrations of this toxic product in the cell. The reaction product NO is able to
rebind to the d; and ¢ hemes under certain conditions (Silvestrini et al., 1979).
Hence the catalytic activity of nitric oxide reductase will most likely influence the
reaction rate of nitrite reductase. It may be the case that during bacterial denitrifica-
tion one of the other enzymes in this pathway may catalyse the rate determining step
for the total reduction of nitrate to nitrogen gas, and hence no advantage is gained
by selecting for a faster nitrite reductase.

The differences in the relative positions and orientations of the ¢ hemes of the two
monomers of P. stutzeri nitrite reductase when compared to their d; hemes would

result in asymmetry in the rate of electron transfer in the two subunits of the dimer if
this conformation is retained in solution. Itis more likely the case that the conforma-
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tions observed in this crystal structure are a result of crystal packing and do not rep-
resent a functional state. However, for the molecules to pack in this way there must
exist inherent flexibility in the linker region that connects the two domains. It may the
case that the P. stutzeri NIR does not adopt the conformation required for electron
transfer until the cytochrome csg¢ or azurin electron donor has bound.

The position of the N-terminal domain found for the P. aeruginosa and T. pan-
totropha enzymes would introduce steric clashes with symmetry related -propeller
domains if this was the orientation adopted for the N-terminal domains of the P. stut-
zeri enzyme. These clashes are not severe and involve only a few residues (resi-
dues 59-61) of each domain. These residues do, however, precede the large twelve-
residue insertion which could be affecting the packing of the molecules in the lattice.

7.8.3 Absence of an N-terminal extension

The N-terminal regions of the bacterial nitrite reductases are the least well con-
served regions of the enzyme. From the crystal structures determined to date for the
two nitrite reductases that contain this extension, it appears that this part of the struc-
ture is critical for enzymatic function. In the T. pantotropha oxidised enzyme the N-
terminus provides a tyrosine (residue 25) that is bound to the d; heme iron and plays
a crucial role in the proposed reaction mechanism (Fulop etal., 1995). In the
reduced structure of the enzyme, however, the N-terminal region is disordered and
the tyrosine is no longer coordinated (Williams et al., 1997). The N-terminal exten-
sion in P. aeruginosa nitrite reductase does not provide a dy heme ligand directly,
though a homologous tyrosine (residue 10) does hydrogen bond to the water mole-
cule/hydroxide ion that is bound to the dy heme iron. The N-terminal arm for this
enzyme is ‘domain swapped’ to the other subunit of the monomer (Nurizzo
etal., 1997). As well as appearing to provide specific interactions to and around the
d; heme, the N-terminal extension also serves to limit the solvent accessibility of the

heme group in the oxidised enzymes from these species.

The deletion of this N-terminal region from the P. stutzeri nitrite reductase raises
many questions as to how the functional properties of the enzyme are modified. The
absence of an N-terminal tyrosine that could interact with the d; heme had sug-
gested that a somewhat different mechanism existed for this enzyme. However, a
recent site-directed mutagenesis experiment, in which the N-terminal tyrosine (res-
idue 10) was mutated to a phenylalanine in the P. aeruginosa enzyme, indicated that
this amino acid was not crucial for function, with the mutant enzyme showing similar
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activity and spectral properties to that of the wild-type protein (Cutruzzola
etal., 1997). This result, along with the absence of a homologous residue in the P.
stutzeri and A. eutrophus enzymes, indicates that T. pantotropha nitrite reductase
appears to be unique as regards the importance of this residue. It is intriguing to
note, however, that T. pantotrophais the only bacterial species reported to date that
undergoes aerobic denitrification (Robertson and Kuenen, 1984), suggesting that
the tyrosine ligand may play a role in substrate specificity, in order to limit the com-
peting oxygen reduction that nitrite reductase is also able to catalyse.

The N-terminal domain of the T. pantotropha nitrite reductase also provides one of
the histidine ligands to the ¢ heme in the oxidised state (His 17), resulting in the
unusual bis-histidine ligation of the heme. Upon reduction, the N-terminal extension,
and parts of the ¢ heme-binding domain, undergo a structural rearrangement in
which His 17 is replaced by Met 106 as the ¢ heme iron ligand, and Tyr 25 is
removed from coordination to the d; heme ligand (Williams et al., 1997). The
enzyme from P. aeruginosa has a histidine (residue 21) in a similar position on the
N-terminal extension. This residue does not coordinate the ¢ heme in the oxidised
state. Clearly an identical structural rearrangement cannot occur as the ¢ heme iron
is already coordinated by an equivalent methionine (residue 88). In the absence of
any structural information on the reduced state it is unclear whether the tyrosine
moves away from the d; heme, which in this case is actually that of the other mon-
omerin the dimer. The lack of the N-terminal extension in P. stutzerinitrite reductase
clearly removes any possibility of an alternative ¢ heme ligand coming from this part
of the structure. The effect of this deletion on the structure of the reduced enzyme is
unknown. Whether there is some sort of rearrangement in the ferrous state, as found
forthe T. pantotropha enzyme, or whether the fold of the domain remains essentially
unchanged upon reduction, as is found for the class | c-type cytochromes (Matsuura
etal., 1982; Takano and Dickerson, 1981), must await the determination of the
structure of the reduced enzyme from P. stutzeri.

From sequence considerations it is tempting to suggest that the twelve-residue
insertion (residues 45-56) in the N-terminal domain of P. stutzeri NIR may serve to
close off the d; heme in a similar manner to the N-terminal extension of the P. aer-
uginosa and T. pantotropha enzymes. The rigid-body shift of the N-terminal domain
does in fact place this region of the structure in a position where this could be pos-
sible, though apart from the large unexplained density in the region of the d; heme

there is little crystallographic evidence to support this. For the P. aeruginosa and T.
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pantotropha enzymes the homologous region of the N-terminal domain from which
this insertion originates is located towards the dimer interface, well removed from
the d; heme pocket.

7.9 SUGGESTIONS FOR FURTHER STUDIES

The immediate priority must be to finish the structure of the oxidised P. stutzerinitrite
reductase and obtain a complete model of the N-terminal domain. It would be most
desirable, and would make this objective more easily attainable, if an improved
native data set could be obtained. In order to alleviate the problem of N-terminal
domain disorder in the crystal lattice it may be necessary to proteolytically cleave the
two domains that form the monomer, purify and then attempt to crystallize just the
N-terminal domain. Determining the structure of the ¢ heme-binding domain in this
manner would, of course, result in the loss of any information regarding d; heme - ¢

heme distances and orientations, important for understanding the biological function
of the enzyme as regards electron transfer, but it may then prove possible to rigid-
body refine the completed structure of the domain into the native whole molecule
cell. If crystallization experiments proved unsuccessful, a cleaved N-terminal
domain would be small enough to be suitable for an NMR structure determination,
as has been successfully done for the structures of cytochrome cgg¢ from P. stutzeri

(Cai et al., 1992) and P. aeruginosa (Timkovich and Cai, 1993).

With a complete model of the oxidised nitrite reductase structure it would then be
possible to investigate the interactions between the physiological electron donors,
cytochrome cs51 and pseudoazurin. The nature of these interactions are of interest

because it is assumed that the binding of the electron donor must occur in such a
way as to orient the electron-donating redox centre for electron transfer. However
the fact that at least two classes of proteins, the c-type cytochromes and azurins,
with different protein folds and types of redox centre can act in this role, suggest that
the binding site may be ‘promiscuous’ in nature. The structure of cytochrome cgg4
from P. stutzerihas been determined (Cai et al., 1992), so docking studies could be
conducted to model complex formation between this molecule and the nitrite reduct-
ase, in an effort to understand the mechanism of electron transfer between these
two proteins. It would be very interesting to attempt the crystallization of the cyto-
chrome cgg4 - nitrite reductase redox complex. This method has been successful in

the determination of the structure of other redox complexes, for example: the yeast
cytochrome ¢ - cytochrome c¢ peroxidase complex (Pelletier and Kraut, 1992) and
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the amicyanin - cytochrome cgg4 - methylamine dehydrogenase complex from Para-

coccus denitrificans (Chen et al., 1994). A cautionary note is that, not surprisingly, it
appears important that both the redox proteins are from the same species to form a
stable complex. Co-crystallization experiments of yeast cytochrome ¢ peroxidase
and horse heart cytochrome c yielded a lattice containing both redox proteins, but
with the cytochrome c¢ molecules disordered (Poulos etal., 1987; Pelletier and
Kraut, 1992). As the cytochrome csg interacts with the ¢ heme-binding domain of
nitrite reductase the formation of a complex between these molecules may reduce
the disorder exhibited by this domain in the native oxidized structure.

A structural characterization of the reduced P. stutzeri nitrite reductase is essential
for a complete understanding of the function of this enzyme. It might prove possible
to reduce the nitrite reductase in the oxidised crystal form. If any structural rear-
rangement of the N-terminal domain does occur, it might do so without affecting the
integrity of the crystal lattice as the contacts are formed predominantly by the B-pro-
peller domains. The variable stability of the crystals, as observed by their behaviour
once removed from the crystallization drop, may make these experiments difficult. It
may prove more desirable to reduce the protein prior to crystallization experiments
in the hope of obtaining a different crystal form that is more amenable to X-ray crys-
tallographic studies.

The binding of nitrite (or substrate mimics), to the d; heme of the reduced nitrite
reductase, and subsequent trapping of the nitric oxide reaction product, could be
attempted by freezing the protein crystals soaked in substrate to quench the reaction
in a manner analogous to the experiments conducted forthe T. pantotropha enzyme
(Williams et al., 1997). These kinds of experiments would provide valuable informa-
tion regarding the reaction mechanism of the enzyme.

Crystallization of the nitrite reductase from the closely related P. stutzeri sub-spe-
cies, P. stutzeri ZoBell, may result in the formation of crystals that are more suited
for X-ray diffraction experiments. The two proteins are similar enough that structural
information obtained for one enzyme could be utilised in the determination of the
structure of the other. Any functional conclusions drawn from one of these structures

would be applicable to both enzymes.

Itis important that the gene encoding the P. stutzeri JM300 nitrite reductase be rese-
quenced in order to resolve the conflicts between the published sequence and the
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X-ray structure. Some of these observed differences involve residues thought to
play a key role in the mechanism of this enzyme. In order to understand, and form
conclusions about, the functions of this protein and make comparisons to homolo-
gous enzymes it is essential to know the identity of the amino acids residues
present.

Owing to the appearance of extra electron density for the d; heme in the electron

density maps further characterization of this prosthetic group is necessary. Further
mass spectroscopy experiments are necessary to obtain the molecular weight of the
di heme and determine whether the extra density observed in the Fourier maps orig-
inates from the heme group, or from polypeptide (or some other molecule) in close
proximity. A full structural characterization of the isolated d; heme by X-ray crystal-

lographic and/or NMR methods (in the manner of Barkigia et al., 1992) may be nec-
essary. It is of interest to determine if the heme is a novel protein cofactor and
whether it has been modified to ‘replace’ the missing tyrosine interaction with the
heme iron.

The P. aeruginosa nitrite reductase has long been regarded as the archetypal nitrite
reductase with much biochemical and functional data measured for this enzyme.
However, with the recent structural characterization of three of these enzymes, it
appears that substantial differences exist between the members of this protein fam-
ily. Further biochemical measurements for P. stutzeri nitrite reductase are required
if the structural differences observed are to be correlated with alterations in protein
function.
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